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CHAPTER I 
INTRODUCTION 
D e s c r i p t i o n o f t h e P r o b l e m 
The c l a s s i c a l e c o n o m i c l o t s i z e m o d e l d e t e r m i n e s t h e o r d e r q u a n t i t y 
t h a t m i n i m i z e s t h e sum o f s e t up c o s t s and i n v e n t o r y c a r r y i n g c o s t s f o r a 
s i n g l e p r o d u c t i o n o r p r o c u r e m e n t o p e r a t i o n . The a n a l y s i s l e a d i n g t o t h e 
d e v e l o p m e n t o f t h e m o d e l a s s u m e s t h a t t h e a c q u i s i t i o n o f t h e i t e m s t o c k e d 
i s f rom a n e x t e r n a l s o u r c e and t h a t t h e r e q u i r e m e n t s s a t i s f i e d by w i t h ­
d r a w a l f r o m i n v e n t o r y a r e i m p o s e d b y a s e c o n d e x t e r n a l s o u r c e . A l t h o u g h 
s u c h m o d e l s a r e w i d e l y u s e d f o r c o n t r o l l i n g i n v e n t o r i e s o f f i n i s h e d g o o d s , 
i n - p r o c e s s i t e m s , and p u r c h a s e d m a t e r i a l s , t h e s e a s s u m p t i o n s a r e n e v e r 
t r u e f o r a p r o d u c t i o n s y s t e m . F o r any g i v e n i n v e n t o r y s t a g e i n a p r o d u c ­
t i o n s y s t e m r e q u i r i n g l o t s i z e d e c i s i o n s i n t h e r e s u p p l y p r o c e s s , t h e r e 
i s a t l e a s t o n e p r e d e c e s s o r s t a g e o r s u c c e s s o r s t a g e w h o s e r e p l e n i s h m e n t 
d e c i s i o n s a r e a l s o u n d e r c o n t r o l . To o b t a i n l o t s i z e p o l i c i e s t h a t h a v e 
some c l a i m t o b e i n g o p t i m a l , t h e i n t e r d e p e n d e n c e s among r e l a t e d l o t s i z e 
d e c i s i o n s m u s t b e e x p l i c i t l y c o n s i d e r e d . The p u r p o s e o f t h i s r e s e a r c h 
w a s t o i n v e s t i g a t e t h e d e t e r m i n a t i o n o f e c o n o m i c l o t s i z e p o l i c i e s i n 
m u l t i s t a g e p r o d u c t i o n s y s t e m s . 
B e f o r e g i v i n g a more c o m p l e t e d e s c r i p t i o n o f t h e p r o b l e m , i t i s 
c o n v e n i e n t t o d e f i n e t h e t e r m s s t a g e and l e v e l . 
A s t a g e i s a p o i n t i n t h e p r o d u c t i o n p r o c e s s w h e r e m a t e r i a l r e m a i n s 
f o r a p e r i o d o f t i m e , and w h e r e t h e m a t e r i a l may o r may n o t r e c e i v e p r o ­
c e s s i n g t h a t i n c r e a s e s i t s v a l u e . 
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A l e v e l i n d i c a t e s t h e s p e c i f i c p o s i t i o n o f a s t a g e i n t h e m u l t i ­
s t a g e s t r u c t u r e , a c c o r d i n g t o t h e number o f s u c c e s s o r l e v e l s i n s e r i e s 
f o l l o w i n g i t . F i g u r e 1 i l l u s t r a t e s t h e c o n c e p t , w h e r e S t a g e 5 p r o d u c e s 
t h e f i n i s h e d p r o d u c t . N o t e t h a t a L e v e l 1 s t a g e m u s t s u p p l y r e q u i r e m e n t s 
i m p o s e d b y e x t e r n a l s o u r c e s . 
The s t a g e s may h a v e many d i f f e r e n t s t r u c t u r a l a r r a y s and t h i s f a c t 
s e r v e s t o c l a s s i f y t h e k i n d o f s y s t e m u n d e r s t u d y . M u l t i s t a g e s y s t e m s 
h a v e b e e n c l a s s i f i e d i n t o f o u r p r i n c i p a l t y p e s f o r i n v e s t i g a t i o n : s e r i e s 
s t r u c t u r e , a s s e m b l y s t r u c t u r e , a r b o r e s c e n c e s t r u c t u r e , and a c y c l i c s t r u c ­
t u r e . 
S e r i e s S t r u c t u r e 
T h i s i s t h e c a s e w h e r e e a c h s t a g e may h a v e a t m o s t o n e s t a g e a s i m ­
m e d i a t e p r e d e c e s s o r o r i m m e d i a t e s u c c e s s o r . The demand a t e a c h s t a g e i s 
d e t e r m i n e d b y t h e r e q u i r e m e n t s o f t h e n e x t s t a g e , e x c e p t f o r t h e f i n a l 
s t a g e , w h i c h m u s t s a t i s f y t h e e x t e r n a l p r o d u c t demand. The f i r s t s t a g e 
o b t a i n s i t s i n p u t f rom a n e x t e r n a l s u p p l i e r , who r e s p o n d s t o t h e o r d e r i n g 
p o l i c y u s e d by t h a t s t a g e . 
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N 
F i g u r e 2 . S e r i e s S t r u c t u r e 
I n t h e s e r i e s s t r u c t u r e , t h e number o f s t a g e s i s e x a c t l y e q u a l t o t h e number 
o f l e v e l s ( s e e F i g u r e 2 ) . 
T h i s s t r u c t u r e i s commonly f o u n d i n i n d u s t r y when t h e p r o c e s s s t a r t s 
w i t h a u n i q u e raw m a t e r i a l ; and i t i s p r o c e s s e d , o p e r a t i o n b y o p e r a t i o n , 
u n t i l i t i s t r a n s f o r m e d i n t o a f i n a l p r o d u c t . ( F o r e x a m p l e , many m e t a l l i c 
p a r t s r e q u i r e a s e q u e n c e o f p r e s s e d o p e r a t i o n s t h a t a r e e x e c u t e d i n l o t s 
w h i c h a r e moved f rom s t a g e t o s t a g e i n s e q u e n c e , r e p r e s e n t i n g e x a c t l y t h e 
s e r i e s s t r u c t u r e d e s c r i b e d a b o v e . ) 
A s s e m b l y S t r u c t u r e 
E a c h s t a g e i n a m u l t i - s t a g e a s s e m b l y s y s t e m may h a v e any number o f 
i m m e d i a t e p r e d e c e s s o r s , b u t h a s a t m o s t o n e i m m e d i a t e s u c c e s s o r . F o r 
e x a m p l e i n t h e a s s e m b l y n e t w o r k o f F i g u r e 1 , s t a g e 4 h a s two i m m e d i a t e 
p r e d e c e s s o r s ( 1 , 2 ) and o n e i m m e d i a t e s u c c e s s o r ( 5 ) . F i g u r e 3 g i v e s a 
more u n d e r s t a n d a b l e p r e s e n t a t i o n o f t h e a s s e m b l y s t r u c t u r e . 
As i n t h e s e r i e s c a s e , t h e demand a t a n y s t a g e w i l l b e d e t e r m i n e d 
by t h e s u c c e s s o r ' s demand, e x c e p t f o r t h e f i n a l s t a g e w h i c h m u s t s a t i s f y 
e x t e r n a l demand. 
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D 
D = P r o d u c t Demand 
F i g u r e 3 . A s s e m b l y S t r u c t u r e 
T h i s k i n d o f s t r u c t u r e i s , a s i t s name i m p l i e s , f o u n d i n t h e p r o d u c ­
t i o n s y s t e m s w h e r e p r o d u c t s a r e a s s e m b l e d f rom c o m p o n e n t s . I t may b e 
c a l l e d a p u r e a s s e m b l y s y s t e m , s i n c e i t i s a s s u m e d t h a t a c o m p o n e n t i s 
u s e d i n e x a c t l y o n e h i g h e r l e v e l i t e m . E x a m p l e s o f t h i s p a r t i c u l a r s t r u c ­
t u r e a r e f o u n d i n t h e e l e c t r i c and e l e c t r o n i c i n d u s t r i e s , t h e a u t o m o b i l e 
i n d u s t r y , t h e f u r n i t u r e i n d u s t r y , and many o t h e r s . 
I t i s i n t e r e s t i n g t o o b s e r v e t h a t t h e o r g a n i g r a m s i n a n y k i n d o f 
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o r g a n i z a t i o n f o l l o w t h e same p a t t e r n a s t h e a s s e m b l y s t r u c t u r e , w h e r e t h e 
s u b - a s s e m b l i e s a r e t h e m a n a g e r s and t h e i r p r e d e c e s s o r s a t e t h e i r s u b o r d i ­
n a t e s . Now c o n s i d e r i n g t h e i n f o r m a t i o n a s m a t e r i a l , i t i s p o s s i b l e t o f i n d 
an o p t i m a l c y c l e t i m e f o r r e p o r t i n g i n f o r m a t i o n t o t h e n e x t l e v e l and t h e 
amount o f t h e i n f o r m a t i o n , b a s e d o n t h e t r a n s m i s s i o n i n f o r m a t i o n c o s t and 
t h e o m i s s i o n o f i n f o r m a t i o n c o s t . 
A r b o r e s c e n c e S t r u c t u r e 
I n t h e a r b o r e s c e n c e s t r u c t u r e , a s t a g e may h a v e a n y number o f s u c ­
c e s s o r s , b u t a t m o s t o n e p r e d e c e s s o r ( F i g u r e 4 ) . The demand a t a s t a g e 
w i l l b e d e t e r m i n e d b y t h e sum o f t h e i m m e d i a t e s u c c e s s o r s ' demands w i t h 
t h e e x c e p t i o n o f f i r s t l e v e l s t a g e s , w h o s e r e q u i r e m e n t s a r e d i c t a t e d b y 
e x t e r n a l s o u r c e s . 
T y p i c a l e x a m p l e s o f t h i s c a s e o c c u r i n t h e c h e m i s t r y i n d u s t r y , w h e r e 
a common raw m a t e r i a l i s t r a n s f o r m e d i n t o d i f f e r e n t s u b - p r o d u c t s o r 
f i n i s h e d p r o d u c t s . A s i t u a t i o n w h e r e a p u r c h a s e d m a t e r i a l i s p a c k a g e d 
i n t o a v a r i e t y o f p a c k a g e t y p e s i s a c l a s s i c a l e x a m p l e o f a s i m p l e t w o -
l e v e l a r b o r e s c e n c e s y s t e m . 
F i g u r e 4 . A r b o r e s c e n c e S t r u c t u r e 
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A c y c l i c S t r u c t u r e 
The a c y c l i c s t r u c t u r e c a n b e c o n s i d e r e d a s t h e m o s t g e n e r a l , w i t h 
t h e a s s e m b l y and a r b o r e s c e n c e s t r u c t u r e s b e i n g s p e c i a l c a s e s . (The 
s e r i a l s y s t e m i s a s p e c i a l c a s e o f b o t h t h e a s s e m b l y and t h e a r b o r e s c e n c e 
s t r u c t u r e s . ) H e r e a n y s t a g e ( e x c e p t a t t h e f i r s t and l a s t l e v e l s ) may 
h a v e a n y number o f s u c c e s s o r s o r p r e d e c e s s o r s . A f i r s t l e v e l s t a g e w i l l 
h a v e no s u c c e s s o r s , b u t i t may h a v e a n y number o f p r e d e c e s s o r s . I t s d e ­
mand w i l l b e t h e c o r r e s p o n d i n g p r o d u c t demand. A s t a g e a t t h e l o w e s t 
l e v e l w i l l h a v e no p r e d e c e s s o r s , b u t may h a v e a n y number o f s u c c e s s o r s . 
I n o r d e r t o u n d e r s t a n d t h e s y s t e m , c o n s i d e r t h e t h r e e l e v e l a c y c l i c s t r u c ­
t u r e shown i n F i g u r e 5 . I t c o u l d r e p r e s e n t a l a r g e e l e c t r i c c o m p a n y , 
w h e r e i t m i g h t b e p o s s i b l e t o i d e n t i f y t h e t h i r d l e v e l a s p u r c h a s e d c o m ­
p o n e n t i n v e n t o r y , w i t h s t a g e s f o r t r a n s i s t o r s , c i r c u i t b o a r d s , t u b e s , 
w i r i n g , e t c . Then t h e s e c o n d l e v e l w o u l d r e p r e s e n t p r i n c i p a l p r o d u c t s 
l i k e t e l e v i s i o n s , r a d i o s , r e f r i g e r a t o r s , and w a s h i n g m a c h i n e s . F i n a l l y 
t h e f i r s t l e v e l s t a g e s w o u l d r e p r e s e n t t h e p o i n t s w h e r e a l l t h e p r o d u c t s 
w i l l b e d i s t r i b u t e d o r s o l d t o t h e p u b l i c . 
L e v e l 3 L e v e l 2 L e v e l 1 
F i g u r e 5 . A c y c l i c S t r u c t u r e 
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O b j e c t i v e s o f t h e R e s e a r c h 
The p u r p o s e o f t h i s r e s e a r c h i s t o g a i n a b e t t e r u n d e r s t a n d i n g o f 
m u l t i - l e v e l s y s t e m s and how t h e i n t e r r e l a t i o n s b e t w e e n s t a g e s a f f e c t t h e 
d e t e r m i n a t i o n o f o p t i m a l l o t s i z e s . 
S i n c e t h e c l a s s i c a l a p p r o a c h h a s e m p h a s i z e d i t s a t t e n t i o n t o t h e 
o n e - l e v e l p r o d u c t i o n s y s t e m , t h e l o g i c a l n e x t s t e p w o u l d b e t h e s t u d y o f 
t w o - l e v e l p r o d u c t i o n s y s t e m s . C o n s e q u e n t l y t h i s r e s e a r c h h a s b e e n d i r e c t e d 
t o w a r d o r g a n i z a t i o n and c o n s o l i d a t i o n o f e x i s t i n g r e l e v a n t m e t h o d o l o g y and 
a n a l y s i s o f i m p o r t a n t c a s e s n o t y e t t r e a t e d i n o r d e r t o p r o v i d e a c o m p r e ­
h e n s i v e a n a l y s i s o f t h e t w o - l e v e l s y s t e m . I n a d d i t i o n t o i t b e i n g a 
l o g i c a l e x t e n s i o n o f s i n g l e s t a g e e c o n o m i c l o t s i z e a n a l y s i s , t h i s r e s e a r c h 
i s c o n d u c t e d o n t w o - l e v e l s y s t e m s b e c a u s e t h e r e a r e a v a r i e t y o f p r o d u c t i o n -
i n v e n t o r y s y s t e m s t h a t c o n s i s t o f o n l y two l e v e l s , and t h e r e s u l t s s h o u l d 
b e o f w i d e i n t e r e s t . F i n a l l y , t h e s o l u t i o n m e t h o d o l o g y d e v e l o p e d f o r t h e 
t w o - l e v e l c a s e may l e n d i n s i g h t and c o n t r i b u t e t o h e u r i s t i c a p p r o a c h e s t o 
t h e s o l u t i o n o f g e n e r a l m u l t i - l e v e l s y s t e m s . 
S c o p e o f t h e R e s e a r c h 
I n s t u d y i n g m u l t i - l e v e l s y s t e m s , o n e e n c o u n t e r s a v a r i e t y o f p r o p e r ­
t i e s t h a t c h a r a c t e r i z e a g i v e n s i t u a t i o n : t h e n a t u r e o f e x t e r n a l d e m a n d , 
t h e t y p e o f c o s t s , t h e number o f i t e m s , t h e s t r u c t u r e o f t h e s y s t e m , and 
s o o n . S p e c i f i c a l l y t h e p r o b l e m s t h a t h a v e b e e n c o n s i d e r e d by t h i s r e ­
s e a r c h a r e : ( 1 ) a s i n g l e i t e m p r o d u c e d by e a c h s t a g e o f a t w o - l e v e l 
s y s t e m , w i t h s t a t i o n a r y e x t e r n a l demand and i n f i n i t e p l a n n i n g h o r i z o n ; 
and ( 2 ) a s i n g l e i t e m p r o d u c e d b y e a c h s t a g e o f a t w o - l e v e l s y s t e m , w i t h 
t i m e - v a r y i n g e x t e r n a l demand and f i n i t e p l a n n i n g h o r i z o n . F o r e a c h o f 
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t h e s e s i t u a t i o n s , t h e f o u r t y p e s o f s t r u c t u r e s d e s c r i b e d a t t h e b e g i n n i n g 
o f t h i s c h a p t e r ( s e r i e s , a s s e m b l y , a r b o r e s c e n c e , and a c y c l i c ) w i l l b e 
a n a l y z e d . I t i s d e s i r a b l e t o e m p h a s i z e t h a t t h e t e r m " s i n g l e i t e m " r e f e r s 
t o a u n i q u e i t e m a t e a c h s t a g e o f t h e s t r u c t u r e . 
C o s t s a r e a s s u m e d t o v a r y among s t a g e s . The p r o d u c t i o n o r p r o c u r e ­
ment c o s t a t a s t a g e i s a s s u m e d t o c o n s i s t o f a f i x e d s e t up c o s t f o r e a c h 
l o t p r o d u c e d p l u s a c o n s t a n t v a r i a b l e c o s t f o r e a c h u n i t i n t h e l o t . T h i s 
i s t h e u s u a l f i x e d c h a r g e p r o d u c t i o n c o s t m o d e l o f t h e f o r m 
C(Q) = 
S + c Q , Q > 0 
0 , Q = 0 
w h e r e S i s t h e s e t up c o s t , Q i s t h e l o t s i z e , and c i s t h e u n i t v a r i a b l e 
c o s t . The i n v e n t o r y h o l d i n g c o s t s a r e a s s u m e d t o b e p r o p o r t i o n a l t o t h e 
a v e r a g e i n v e n t o r y l e v e l i n t h e i n f i n i t e h o r i z o n c a s e and p r o p o r t i o n a l t o 
e n d - o f - p e r i o d i n v e n t o r y i n t h e p e r i o d i c r e v i e w , f i n i t e h o r i z o n c a s e . 
O n l y d e t e r m i n i s t i c demand s i t u a t i o n s a r e c o n s i d e r e d . I n a l l c a s e s , 
i t i s a s s u m e d t h a t n o s h o r t a g e s a r e a l l o w e d ; h o w e v e r , f o r many o f t h e 
s t a t i c demand m o d e l s i t i s r e l a t i v e l y e a s y t o e x t e n d t h e r e s u l t s o b t a i n e d 
t o p e r m i t b a c k l o g g i n g . 
The c a s e o f m u l t i p l e i t e m s c o m p e t i n g f o r p r o d u c t i o n r e s o u r c e s a t a 
g i v e n p r o d u c t i o n s t a g e was n o t c o n s i d e r e d . 
The s y s t e m s a n a l y z e d i n t h i s r e s e a r c h a r e m u l t i - l e v e l p r o d u c t i o n 
s y s t e m s w h e r e r e q u i r e m e n t s o n a g i v e n s t a g e b e c o m e e x a c t l y t h e r e q u i r e ­
m e n t s i m p o s e d o n e a c h i m m e d i a t e p r e d e c e s s o r s t a g e . T h i s i s i n c o n t r a s t 
w i t h a m u l t i - l e v e l d i s t r i b u t i o n i n v e n t o r y s y s t e m w h e r e t h e r e q u i r e m e n t s 
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e q u a l t h e sum o f t h e r e q u i r e m e n t s o n i t s i m m e d i a t e p r e d e c e s s o r s t a g e s . 
O r g a n i z a t i o n o f t h e M a t e r i a l 
The f i r s t s e c t i o n ( C h a p t e r I I ) o f t h i s t h e s i s i s d e v o t e d t o t h e 
s t u d y o f t h e s t a t i o n a r y demand c a s e , w h i l e t h e s e c o n d s e c t i o n ( C h a p t e r 
I I I ) t r e a t s t h e t i m e - v a r y i n g demand c a s e . W i t h i n e a c h s e c t i o n , t h e f o u r 
b a s i c s y s t e m s t r u c t u r e s a r e a n a l y z e d i n s e q u e n c e . F o r e a c h s i t u a t i o n , 
t h e a p p r o a c h i s t o d e s c r i b e t h e p r o b l e m , r e v i e w t h e l i t e r a t u r e , p r e s e n t 
t h e a n a l y s i s and o n e o r more s o l u t i o n a l g o r i t h m s , g i v e r e s u l t s f r o m 
r u n n i n g t e s t p r o b l e m s , and d i s c u s s t h e s e r e s u l t s . The f i n a l s e c t i o n 
( C h a p t e r IV) c o n t a i n s c o n c l u s i o n s and r e c o m m e n d a t i o n s . L i s t i n g s o f a l l 
c o m p u t e r p r o g r a m s u s e d i n t h e s t u d y a r e g i v e n i n t h e A p p e n d i x . 
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CHAPTER I I 
STATIONARY DEMAND CASE 
S e r i e s S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
The p r o b l e m a s i t was d e s c r i b e d i n t h e p r e v i o u s c h a p t e r , c o n s i s t s 
o f two s t a g e s , o r f a c i l i t i e s , w h e r e t h e p r o d u c t i t e m p r o d u c e d a t t h e f i r s t 
s t a g e i s r e q u i r e d i n t h e p r o d u c t i o n o f t h e i t e m a t t h e s e c o n d s t a g e . I t 
may b e a s s u m e d , w i t h o u t l o s s o f g e n e r a l i t y , t h a t o n e u n i t o f t h e f i r s t 
s t a g e i t e m i s r e q u i r e d i n p r o d u c i n g o n e u n i t o f t h e s e c o n d i t e m . The 
r e q u i r e m e n t s t o b e s a t i s f i e d b y f i r s t l e v e l p r o d u c t i o n a r e a s s u m e d t o b e 
known and c o n s t a n t a t a r a t e o f D u n i t s p e r u n i t t i m e . The p r o b l e m i s 
t o d e t e r m i n e t h e p r o d u c t i o n p o l i c y t o f o l l o w a t e a c h s t a g e t o m i n i m i z e 
t h e r e l e v a n t c o s t s w h i l e s a t i s f y i n g t h e r e q u i r e m e n t s . 
The p r o d u c t i o n p o l i c y a d o p t e d a f f e c t s two t y p e s o f c o s t s : p r o d u c ­
t i o n c o s t and i n v e n t o r y h o l d i n g c o s t . I t i s a s s u m e d t h a t p r o d u c t i o n c o s t s 
h a v e t h e f i x e d c h a r g e s t r u c t u r e , w h e r e t h e c o s t o f p r o d u c i n g a l o t o f Q n 
u n i t s a t s t a g e n i s g i v e n b y 
s n + C nQn> i f Qn > <> 
0 , i f Q n = 0 
The i n v e n t o r y h o l d i n g c o s t s p e r u n i t t i m e a t s t a g e n a r e a s s u m e d t o 
b e p r o p o r t i o n a l t o t h e a v e r a g e i n v e n t o r y l e v e l , I n ; t h a t i s , 
Cn<V " 
1 1 
Hnttn> - •n 
The o b j e c t i v e may b e s t a t e d a s m i n i m i z a t i o n o f t h e t o t a l a v e r a g e c o s t p e r 
u n i t t i m e f o r p r o d u c t i o n and i n v e n t o r y . 
A b e t t e r u n d e r s t a n d i n g o f t h e s y s t e m i s a c h i e v e d b y c o n s i d e r i n g t h e 
f i r s t s t a g e a s a p u r c h a s i n g f u n c t i o n t o p r o v i d e a m a t e r i a l o r c o m p o n e n t 
f o r u s e i n t h e s e c o n d , o r p r o d u c t i o n , s t a g e . The p r o c u r e m e n t r a t e a t t h e 
p u r c h a s i n g s t a g e i s i n f i n i t e s i n c e i t i s a s s u m e d t h a t t h e e n t i r e l o t i s 
d e l i v e r e d a t o n e t i m e . The a v e r a g e demand p e r u n i t t i m e on t h e p u r c h a s i n g 
s t a g e w i l l b e e q u a l t o t h e demand r a t e a c t i n g o n t h e s e c o n d s t a g e , o r 
f i n i s h e d g o o d s , i n v e n t o r y . H o w e v e r , w h i l e t h e demand o n t h e f i n i s h e d 
g o o d s i n v e n t o r y o c c u r s a t a c o n s t a n t r a t e , t h e demand o n t h e m a t e r i a l i n ­
v e n t o r y i s d i s c o n t i n u o u s i n t i m e and d e p e n d s o n t h e p r o d u c t i o n p r o g r a m a t 
s t a g e 2 . I t i s a s s u m e d t h a t t h e r e i s a f i n i t e t i m e r e q u i r e d f o r t h e w i t h ­
d r a w a l o f a u n i t o f m a t e r i a l f r o m i n v e n t o r y u n t i l i t i s c o n v e r t e d t h r o u g h 
p r o d u c t i o n i n t o a f i n i s h e d i t e m . T h i s i n t e r v a l i s c a l l e d t h e p r o d u c t i o n 
l e a d t i m e and i s d e n o t e d b y T2• 
F i g u r e 6 s h o w s t h e s y s t e m t h a t h a s b e e n d e s c r i b e d . 
P u r c h a s i n g P r o d u c t i o n Demand 
S t a g e N o . 1 S t a g e N o . 2 
F i g u r e 6 . A T w o - L e v e l S e r i a l S y s t e m 
The f o l l o w i n g n o t a t i o n w i l l b e n e e d e d : 
1 2 
Ql P u r c h a s e l o t s i z e 
Q 2 = P r o d u c t i o n l o t s i z e 
P l 
= P r o c u r e m e n t r a t e ( i n f i n i t e ) 
P 2 
= P r o d u c t i o n r a t e ( f i n i t e ) 
D = Demand r a t e 
CT 
n 
= C y c l e t i m e a t s t a g e n , n = 1 , 2 
T 2 
= P r o d u c t i o n l e a d t i m e a t s t a g e 2 
' 2 
= Time t o p r o d u c e a l o t a t s t a g e 2 
h „ I n v e n t o r y c o s t p e r u n i t p e r u n i t t i m e a t s t a g e n , n 
S n = F i x e d c o s t p e r l o t , n = 1 , 2 
T = T o t a l c o s t 
^ 2 = A v e r a g e u n a v a i l a b l e i n v e n t o r y a t s t a g e 2 
« 2 = A v e r a g e w o r k - i n - p r o c e s s a t t h e p r o d u c t i o n s t a g e 
V 
n = A v e r a g e a v a i l a b l e i n v e n t o r y a t s t a g e n , n = 1 , 2 
= A v e r a g e t o t a l i n v e n t o r y a t s t a g e n , n = 1 , 2 
The m o d e l s t h a t w i l l b e a n a l y z e d do n o t a l l o w s h o r t a g e s . A l s o , t h e 
p r o d u c t i o n and c o n s u m p t i o n o f a l o t o f f i n i s h e d p r o d u c t may o r may n o t b e 
s i m u l t a n e o u s . The l a t t e r s i t u a t i o n r e s u l t s i n t h e c r e a t i o n o f a n u n a v a i l ­
a b l e i n v e n t o r y , c o n s i s t i n g o f u n i t s t h a t h a v e c o m p l e t e d p r o d u c t i o n , b u t 
t h a t w i l l n o t b e a v a i l a b l e f o r s a t i s f y i n g demand u n t i l t h e e n t i r e l o t i s 
c o m p l e t e d . 
Two p o l i c y s t r u c t u r e s w i l l b e c o n s i d e r e d . The f i r s t r e q u i r e s t h a t 
l o t s b e p r o d u c e d o r p u r c h a s e d a t e q u a l l y s p a c e d t i m e i n t e r v a l s . T h i s i s 
c a l l e d a c y c l i c a l p o l i c y . The s e c o n d r e q u i r e s a c y c l i c a l p o l i c y a t t h e 
p r o d u c t i o n s t a g e , b u t p e r m i t s m a t e r i a l t o b e c a r r i e d i n i n v e n t o r y o n l y 
d u r i n g t h e t i m e p r o d u c t i o n t a k e s p l a c e . 
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The C y c l i c a l P o l i c y S o l u t i o n 
F o r a c y c l i c a l p o l i c y t o f u n c t i o n e f f i c i e n t l y w i t h o u t s h o r t a g e s , i t 
a p p e a r s r a t i o n a l t h a t t h e c y c l e t i m e a t t h e f i r s t s t a g e s h o u l d b e a n i n t e ­
g e r m u l t i p l e o f t h e c y c l e t i m e a t t h e s e c o n d s t a g e ; t h i s i m p l i e s 
Ql = ^1^2 w n e r e = 1 > 2 . . . 
Many w r i t e r s h a v e a s s u m e d t h i s p o l i c y i n t h e i r d e r i v a t i o n o f m u l t i ­
s t a g e a l g o r i t h m s . C r o w s t o n , Wagner and W i l l i a m s [ 5 ] p r o v e f o r p u r e a s ­
s e m b l y s y s t e m s ( o f w h i c h t h i s i s a s p e c i a l c a s e ) t h a t a n o p t i m a l s e t o f 
l o t s i z e s e x i s t s s u c h t h a t t h e l o t s i z e a t e a c h f a c i l i t y i s a p o s i t i v e i n ­
t e g e r m u l t i p l e o f t h e l o t s i z e a t i t s s u c c e s s o r f a c i l i t y . Taha and S k e i t h 
[ 2 5 ] a l l o w n o n - i n s t a n t a n e o u s p r o d u c t i o n , d e l a y b e t w e e n s t a g e s , and b a c k -
o r d e r s f o r t h e p r o d u c t o f t h e f i n a l s t a g e . J o h n s o n and Montgomery [ 1 1 ] 
o b t a i n a v e r a g e i n v e n t o r y e q u a t i o n s f o r e a c h s t a g e a s a f u n c t i o n o f t h e 
l o t s i z e s . T h o s e e q u a t i o n s w i l l b e u s e d i n t h e p r e s e n t a n a l y s i s . 
The S i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n C a s e 
F i g u r e 7 i l l u s t r a t e s t h e i n t e g e r m u l t i p l e p o l i c y f o r t h e c a s e 
Gjl = 3Q2 and w h e r e s i m u l t a n e o u s p r o d u c t i o n and c o n s u m p t i o n o f t h e p r o d u c ­
t i o n l o t o c c u r s . 
The f o l l o w i n g r e s u l t s f o r a v e r a g e i n v e n t o r y l e v e l s a r e o b t a i n e d 
f rom J o h n s o n and Montgomery [ 3 , p . 1 5 7 ] : 
I 1 = V X = Q 2 / 2 ( k ! - 1 + D / P 2 ) 
I 2 = W 2 + V 2 = T 2 D + Q 2 / 2 ( l - D / P 2 ) 
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Raw M a t e r i a l 
I n v e n t o r y 
F i n i s h e d 
P r o d u c t 
I n v e n t o r y 
Q 2 V ^ 
F i g u r e 7 . I n v e n t o r i e s Under I n t e g e r M u l t i p l e P o l i c y 
W i t h S i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n 
The a v e r a g e c o s t p e r u n i t t i m e w o u l d b e 
_ SiD S 2 D Q 2 
T ( k x , Q 2 ) = + + h j — 
k ] Q 2 Q2 2 
D 
k x - 1 + — 
? 2 
+ h 2 
Q2 
T 2 D + — 
2 
D 
1 - — 
L * 2 . 
w h e r e t h e v a r i a b l e c o s t o f p r o c u r e m e n t and p r o d u c t i o n h a s b e e n o m i t t e d 
s i n c e i t i s i n d e p e n d e n t o f t h e p r o d u c t i o n p o l i c y . 
F o r a g i v e n k^ 
9 Q 2 
= 0 Then Q 9 = ICS^^ + S 2 ) D 
1 / 2 
h l ( k l _ 1 + D / P 2 ) + h 2 ( l - D / P 2 ) 
1 5 
and 
T ( k 1 , Q 2 * ) = 2 ( S 1 / K 1 + S 2 ) D [ h 1 ( k 1 - l + D / P 2 ) + h 2 ( l - D / P 2 ) ] 
1 / 2 
+ h 2 T 2 D 
T h e s e r e s u l t s g i v e t h e c o n d i t i o n a l o p t i m a l p r o d u c t i o n l o t s i z e and c o s t 
a s a f u n c t i o n o f k-^. To f i n d t h e o p t i m a l v a l u e o f k^, we c a l c u l a t e t h e 
f i r s t d i f f e r e n c e o f T 2 ( k 1 , Q 2 ) a s 
A ^ T 2 ^ ^ ) = 2D s 2 h l " 
S 1 ( h 2 - h 1 ) ( l - D / P 2 ) " 
k-LCk-,+1) 
The o p t i m a l k^ s a t i s f i e s 
S 1 ( h 2 - h 1 ) ( l - D / P 2 ) 
( k * - l ) k * < < k * ( k * + l ) 
S 2 h l 
Once k^ i s o b t a i n e d , t h e o p t i m a l l o t s i z e i s f o u n d u s i n g t h e e x p r e s s i o n 
a b o v e . 
The N o n s i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n C a s e 
The c a s e o f n o n s i m u l t a n e o u s p r o d u c t i o n and c o n s u m p t i o n i s i l l u s t r a t e d 
i n F i g u r e 8 f o r Q-̂  = 3 Q 2 . N o t e t h a t t h e e n t i r e p r o d u c t i o n l o t i s c o m p l e t e d 
b e f o r e t h e l o t i s t r a n s f e r r e d t o t h e a v a i l a b l e i n v e n t o r y . 
J o h n s o n and Montgomery [ 1 1 ] g i v e t h e f o l l o w i n g e x p r e s s i o n f o r a v e r a g e 
i n v e n t o r i e s : 
I ! = V-L = Q 2 / 2 ( k 1 - l + D / P 2 ) 
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Q2D Q2 Q2 
I 2 = W 2 + U 2 + V 2 = T 2 D + + — = T 2 D + — ( 1 + D / P 2 ) 
2P 2 2 2 
F i g u r e 8 . I n v e n t o r i e s Under I n t e g e r M u l t i p l e P o l i c y 
W i t h N o n s i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n 
The a v e r a g e c o s t p e r u n i t t i m e w o u l d b e 
S 2 D Q 2 
T ( k 1 , Q 2 ) = + + h ^ C ^ - 1 + D / P 2 ) + h 2 
l q Q 2 Q 2 2 
Q 2 
T ? D + ( 1 + D / P 9 ) 
2 
F o r a g i v e n 
<JT 
8Q2 
= 0 + 
2(3^^ + S 2 ) D 
- . 1 / 2 
" l ^ l " 1 + ° / p 2 ^ + h 2 ( l + ° / p 2 ) 
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and 
T C k l ' Q 2 ) = 2 ( S 1 / k 1 + S 2 ) D [ h 1 ( k 1 - l + D / P 2 ) + h 2 ( l + D / P 2 ) ] 
1 / 2 
+ h 2 T 2 D 
D i f f e r e n c i n g w i t h r e s p e c t t o k^ 
A T ^ k ^ Q ^ ) - 2D S 2 h x -
k ^ + 1 ) 
and t h e n t h e o p t i m a l k^ s a t i s f i e s 
( k * - l ) k j < 
S 1 [ h 2 ( l + D / P 2 ) - h ! ( l - D / P 2 ) ] 
S 2 h l 
< k ^ + 1 ) 
ft 
The o p t i m a l l o t s i z e ( Q 2 ) i s t h e n o b t a i n e d u s i n g k^, 
A D e v i a t i o n f rom t h e C y c l i c a l P o l i c y 
I n m o s t r e s e a r c h o n m u l t i s t a g e s y s t e m s , t h e I n t e g e r m u l t i p l e p o l i c y 
i s a s s u m e d t o b e t h e o p t i m a l s t r u c t u r e . H o w e v e r , I f we p e r m i t n o n - c y c l i c a l 
p o l i c i e s , t h i s may n o t b e t h e c a s e . To show a n e x c e p t i o n , c o n s i d e r t h e 
p u r c h a s i n g - p r o d u c t i o n s y s t e m o f t h e p r e v i o u s s e c t i o n ( F i g u r e 6 ) , and s u p ­
p o s e t h a t m a t e r i a l may b e s t o c k e d o n l y w h i l e p r o d u c t i o n I s i n p r o g r e s s . 
Thus d u r i n g e a c h f i n i t e i n t e r v a l o f p r o d u c t i o n , t 2 = Q 2 / P 2 , a t o t a l m a ­
t e r i a l r e q u i r e m e n t o f Q 2 u n i t s w i l l b e e x p e r i e n c e d a t a u n i f o r m r a t e o f 
P 2 . S c h w a r z [ 2 2 ] s h o w s t h a t f o r t h e f i n i t e h o r i z o n l o t s i z e p r o b l e m w i t h 
1 8 
u n i f o r m demand , t h e o p t i m a l p o l i c y i s t o u s e e q u a l s i z e l o t s . Thus t h e 
p o l i c y s t r u c t u r e Qj_ = C^/k^ , k^ = 1 , 2 , . . . , i s u s e d h e r e . We c a l l t h i s 
t h e i n t e g e r d i v i s o r p o l i c y . 
The S i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n C a s e 
When s i m u l t a n e o u s p r o d u c t i o n and c o n s u m p t i o n o f t h e p r o d u c t i o n l o t 
i s p o s s i b l e , t h e i n t e g e r d i v i s o r p o l i c y i s a s shown i n F i g u r e 9 ( f o r = 
Q 2 / 3 ) . 
F i g u r e 9 . I n v e n t o r i e s Under I n t e g e r D i v i s o r P o l i c y 
W i t h S i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n 
The a v e r a g e i n v e n t o r i e s may b e c a l c u l a t e d a s 
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V 2 = Q 2 / 2 ( l - D / P 2 ) 
I 2 = W 2 + V 2 = T 2 D + Q 2 / 2 ( l - D / P 2 ) 
The a v e r a g e c o s t p e r u n i t w o u l d b e 
T ( k 1 , Q 2 ) = (k1S1 + S 2 ) ( D / Q 2 ) + Q 2 / 2 [ h 1 D / k 1 P 2 + h 2 ( l - D / P 2 ) ] + h 2 T 2 D 
w h e r e t h e v a r i a b l e c o s t o f p r o c u r e m e n t and p r o d u c t i o n h a s b e e n o m i t t e d 
s i n c e i t i s i n d e p e n d e n t o f t h e p r o d u c t i o n p o l i c y . For a g i v e n k^, 
3 T 
3 Q . 
= 0 - Q 2 = 2(k±S1 + S 2)D 
- 7 1 / 2 
h1D/k1P2 + h 2 ( l - D / P 2 ) 
and 
2 D ( k 1 S 1 + S 2 ) [ h 1 D / k 1 P 2 + h 2 ( l - D / P 2 ) ] 
1 / 2 
+ h 2 T 2 D 
T h e s e r e s u l t s g i v e t h e c o n d i t i o n a l o p t i m a l p r o d u c t i o n l o t s i z e and c o s t 
a s a f u n c t i o n o f k^. 
D i f f e r e n c i n g w i t h r e s p e c t t o k^, we o b t a i n 
A k ^ C k ^ Q * ) = 2D S 1 h 2 ( l - D / P 2 ) -
S 2 h 1 ( D / P 2 ) " 
k ^ k ^ l ) 
20 
Then t h e o p t i m a l k-̂  s a t i s f i e s t h e f o l l o w i n g i n e q u a l i t y : 
( k £ - l ) k £ < S 2 h 1 ( D / P 2 ) / S 1 h 2 ( l - D / P 2 ) < k £ ( k £ + l ) 
U s i n g k-^,Q 2 i s t h e n o b t a i n e d . 
The N o n s i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n C a s e 
When s i m u l t a n e o u s p r o d u c t i o n and c o n s u m p t i o n a r e n o t p o s s i b l e , t h e 
s i t u a t i o n i s a s shown i n F i g u r e 1 0 ( i l l u s t r a t e d f o r = Q 2 / 3 ) . 
F i g u r e 1 0 . I n v e n t o r i e s Under I n t e g e r D i v i s o r P o l i c y 
W i t h N o n s i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n 
The a v e r a g e i n v e n t o r y l e v e l s a r e c o m p u t e d a s 
2 1 
_ Q x t 2 Q 2 D 
* 1 = — 
CT 2 2 k ^ P 2 
Q 2 t 2 Q 2 D 
u 2 = _ 
2 C T 2 2 P 2 
V 2 = Q 2 / 2 
Q 2 D Q? Q 2 I 2 = u 2 + v 2 = + 
2 P 2 2 2 
D 
1 + — 
L p 2 j 
The c o s t f u n c t i o n i s 
T ( k 1 , Q 2 ) = D / Q 2 [ k 1 S 1 + S 2 ] + Q 2 / 2 [ h 1 D / k 1 P 2 + h 2 ( l + D / P 2 ) ] + h ^ D 
F o r g i v e n k^, 
3 T 
= 0 + Q* = 
2 0 ^ . ^ + S 2 ) 
h 1 D / k 1 P 2 + h 2 ( l + D / P 2 ) 
1 / 2 
a n d 
T ( k r Q 2 ) 2 0 ^ . ^ + S 2 ) [ h - j D / k . ^ + h 2 ( l + D / P 2 ) ] 
1 / 2 
+ h 2 T 2 D 
T h e s e e q u a t i o n s g i v e t h e c o n d i t i o n a l o p t i m a l p r o d u c t i o n l o t s i z e and c o s t 
a s a f u n c t i o n o f k^. 
2 2 
By d i f f e r e n c i n g , we o b t a i n 
A k 1 T 2 ( k 1 , Q * ) = 2 D 
S 2 h 1 ( D / P 2 ) 
SThjd+D/P,) -
k̂ kj+l) J 
Then t h e o p t i m a l k^ s a t i s f i e s t h e f o l l o w i n g i n e q u a l i t y : 
k * ( k * - l ) < S 2 h 1 ( D / P 2 ) / S 1 h 2 ( l + D / P 2 ) <_ k * ( k * + l ) 
U s i n g k-p Q 2 i s t h e n o b t a i n e d f r o m t h e e x p r e s s i o n a b o v e , 
A C o m p a r i s o n B e t w e e n I n t e g e r M u l t i p l e and I n t e g e r D i v i s o r P o l i c i e s 
Computer s u b r o u t i n e s w e r e w r i t t e n f o r t h e s o l u t i o n s o b t a i n e d i n t h e 
p r e v i o u s s e c t i o n s f o r t h e f o u r c a s e s o f i n t e g e r m u l t i p l e o r i n t e g e r d i v i ­
s o r p o l i c y w i t h s i m u l t a n e o u s o r n o n s i m u l t a n e o u s p r o d u c t i o n and c o n s u m p ­
t i o n . T h e s e s u b r o u t i n e s a r e shown i n A p p e n d i x B . A p r o g r a m t h a t g e n e r a t e s 
p r o b l e m s , and u s i n g t h e s u b r o u t i n e s , c o m p u t e s o p t i m a l l o t s i z e s and c o s t s 
u n d e r e a c h p o l i c y was w r i t t e n and i s a l s o g i v e n i n A p p e n d i x B . The p o l i ­
c i e s a r e compared f o r d i f f e r e n t r a t i o s o f D / P 2 , S-jys2 and h 2 / h - ^ , t o 
d e t e r m i n e t h e e f f e c t o f t h e s e p a r a m e t e r s o n t h e c h o i c e o f p o l i c y s t r u c t u r e . 
The S i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n C a s e 
U s i n g t h e i n f o r m a t i o n o b t a i n e d by t h e p r o g r a m m e n t i o n e d a b o v e , g r a p h s 
w e r e c o n s t r u c t e d f o r e a c h o f t h e S-]ys2 r a t i o s . I n e a c h g r a p h t h e r e a r e 
c u r v e s c o r r e s p o n d i n g t o t h e s e v e n l e v e l s o f u t i l i z a t i o n r a t i o s g e n e r a t e d 
b y t h e p r o g r a m ; t h e h o r i z o n t a l a x i s i s t h e h 2 / t i 2 r a t i o and v e r t i c a l a x i s 
i s d i f f e r e n c e ( i n d o l l a r s ) o f t h e i n t e g e r m u l t i p l e s o l u t i o n l e s s t h e 
2 3 
i n t e g e r d i v i s o r s o l u t i o n . T h u s , b e l o w t h e h o r i z o n t a l a x i s t h e i n t e g e r 
m u l t i p l e p o l i c y i s p r e f e r r e d and a b o v e t h e z e r o l e v e l , t h e p r e f e r e n c e 
c h a n g e s and t h e i n t e g e r d i v i s o r p o l i c y i s d e s i r e d . 
To a n a l y z e t h e b e h a v i o r o f t h e p r e f e r e n c e s a s t h e r a t i o s a r e v a r i e d , 
f i r s t c o n s i d e r h 2 / h ^ . As t h i s r a t i o i s i n c r e a s e d , t h e c u r v e s f a l l d e n o t ­
i n g p r e f e r e n c e f o r t h e i n t e g e r m u l t i p l e p o l i c y . T h i s i s b e c a u s e i f h 2 / h ^ 
i n c r e a s e s , t h e n h 2 i n c r e a s e s and t h e l o t s i z e d e c r e a s e s , and s i n c e h^ i s 
c o n s t a n t , Q 2 i s r e d u c e d r e l a t i v e t o Q^, and a t some p o i n t t h e s h i f t i s t o 
a n i n t e g e r m u l t i p l e s o l u t i o n . Now a s D / P 2 i n c r e a s e s t h e c u r v e i s r i s i n g 
and t e n d i n g t o p r e f e r i n t e g e r d i v i s o r p o l i c i e s . T h i s i s b e c a u s e t h e 
g r e a t e r t h e r a t i o , t h e g r e a t e r t h e p r o d u c t i o n l o t s i z e , s o t h a t f o r a 
c o n s t a n t Q^, Q 2 t e n d s t o b e g r e a t e r . A l s o o b s e r v e t h a t a s D / P 2 i n c r e a s e s , 
t h e s l o p e o f t h e c u r v e i n c r e a s e s , s h o w i n g i n d i f f e r e n c e t o t h e h 2 / h ^ r a t i o . 
F i n a l l y a s S ^ / S 2 i n c r e a s e s , a l l t h e c u r v e s a r e moved down p r e f e r r i n g t h e 
i n t e g e r m u l t i p l e p o l i c y . The r e a s o n i s t h e g r e a t e r t h e r a t i o , t h e g r e a t e r 
f o r f i x e d S 2 , and t h e g r e a t e r r e l a t i v e t o Q 2 . 
The N o n s i m u l t a n e o u s P r o d u c t i o n and C o n s u m p t i o n C a s e 
I n g e n e r a l t h e e f f e c t o f t h e n o n s i m u l t a n e o u s p r o d u c t i o n and c o n s u m p ­
t i o n h a s b e e n a movement o f a l l t h e c u r v e s t o w a r d t h e s i d e o f i n t e g e r 
m u l t i p l e p o l i c y p r e f e r e n c e , and a c l o s e r s p r e a d among t h e s e v e n c u r v e s i n 
e a c h g r a p h . T h i s c a n b e e x p l a i n e d b e c a u s e o f t h e g r e a t e r f i n i s h e d p r o d u c t 
i n v e n t o r y , r e s u l t i n g f rom t h e a d d i t i o n o f t h e u n a v a i l a b l e i n v e n t o r y , w h i c h 
c a u s e s a r e d u c t i o n i n Q 2 r e l a t i v e t o Q^. 
A g a i n a s i n t h e s i m u l t a n e o u s c a s e , h o / h ^ p r o d u c e s t h e same e f f e c t and 
i t c o u l d b e e x p l a i n e d w i t h t h e same a r g u m e n t s . On t h e o t h e r h a n d , t h e r a t i o 
D / P 0 now m o v e s t h e c u r v e s downward. L e t u s o b s e r v e t h e r a t i o s t h a t k n h a s 
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t o s a t i s f y , t h e o n l y d i f f e r e n c e b e t w e e n m u l t i p l e and d i v i s o r p o l i c i e s i s 
j u s t a s i g n i n t h e d e n o m i n a t o r , - D / J ^ a n c * + D/I?2> r e s p e c t i v e l y , s o i f D / P -
i n c r e a s e s t h e f i r s t r a t i o i n c r e a s e s w h i l e t h e s e c o n d d e c r e a s e s . Then 
( m u l t i p l e ) t e n d s t o b e g r e a t e r t h a n k^ ( d i v i s o r ) . L o o k i n g a t t h e c o s t 
e q u a t i o n s , we s e e t h a t i n c r e a s i n g D /P2 d e c r e a s e s t h e i n t e g e r m u l t i p l e 
s o l u t i o n ' s c o s t w h i l e i n c r e a s i n g t h a t o f t h e i n t e g e r d i v i s o r s o l u t i o n . 
N o t e a l s o t h a t i n c r e a s i n g D/P^ d e c r e a s e s t h e s l o p e o f t h e c u r v e s g i v i n g 
l e s s e l a s t i c i t y t o ^/h-^ r a t i o . The S - ^ / ^ r a t i o c a u s e s t h e same e f f e c t s 
a s i n t h e s i m u l t a n e o u s c a s e ; t h a t i s , m o v i n g a l l o f t h e c u r v e s downward . 
The g r a p h s a r e p r e s e n t e d i n A p p e n d i x A. 
A s s e m b l y S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
A m u l t i - s t a g e a s s e m b l y s y s t e m r e q u i r e s a t e a c h s t a g e , o r f a c i l i t y , 
i n p u t s f r o m a number o f i m m e d i a t e p r e d e c e s s o r s t a g e s , and s u p p l i e s , i n 
t u r n , o n e i m m e d i a t e s u c c e s s o r . S p e c i f i c a l l y i n t h e t w o - l e v e l s y s t e m 
t h e r e i s j u s t o n e s t a g e a t l e v e l o n e and a n y number o f s t a g e s a t l e v e l 
two ( s e e F i g u r e 1 1 ) . The c a s e o f c o n s t a n t demand o v e r an i n f i n i t e h o r i -
s o n , w i t h i n s t a n t a n e o u s p r o d u c t i o n , w i l l b e c o n s i d e r e d . 
F i g u r e 1 1 , T w o - L e v e l A s s e m b l y S t r u c t u r e 
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The o b j e c t i v e i s t h e c h o i c e o f a l o t s i z e f o r e a c h f a c i l i t y s o t h a t 
t h e a v e r a g e t o t a l c o s t s o f p r o d u c t i o n and i n v e n t o r y a r e m i n i m i z e d . A t 
e a c h s t a g e , t h e p r o d u c t i o n c o s t p e r l o t i s a s s u m e d t o h a v e t h e f i x e d 
c h a r g e f o r m u s e d i n t h e p r e v i o u s s e c t i o n and i n v e n t o r y c o s t s a r e a s s u m e d 
t o b e p r o p o r t i o n a l t o a v e r a g e i n v e n t o r y . B e c a u s e t h e v a r i a b l e p r o d u c t i o n 
c o s t i s c o n s t a n t ( i n d e p e n d e n t o f l o t s i z e s ) , i t w i l l b e o m i t t e d i n t h e 
a n a l y s i s t o f o l l o w , and o n l y s e t up c o s t s w i l l b e c o n s i d e r e d . 
The E c h e l o n S t o c k C o n c e p t 
C l a r k and S c a r f [ 3 ] d e f i n e e c h e l o n s t o c k a s s o c i a t e d w i t h a g i v e n 
s t a g e i n a n a s s e m b l y s y s t e m a s t h e q u a n t i t y o f t h e i t e m p r o d u c e d a t t h a t 
s t a g e t h a t i s s t i l l i n t h e s y s t e m , e i t h e r a t t h e s t a g e i n q u e s t i o n o r a t 
some s u c c e s s o r s t a g e . T h i s i s i n c o n t r a s t t o i n s t a l l a t i o n s t o c k w h i c h may 
b e d e f i n e d a s t h e i n v e n t o r y a t a g i v e n s t a g e ( o r i n s t a l l a t i o n ) . F o r m u l t i ­
l e v e l a s s e m b l y s y s t e m s , t h e r e i s a n a d v a n t a g e t o e x p r e s s i n g i n v e n t o r y 
c a r r y i n g c o s t s i n t e r m s o f e c h e l o n s t o c k b e c a u s e t h e a v e r a g e e c h e l o n s t o c k 
i s a f u n c t i o n o n l y o f t h e l o t - s i z e p o l i c y a t t h e p r o d u c i n g s t a g e . 
F o r a b e t t e r u n d e r s t a n d i n g , c o n s i d e r t h e f o l l o w i n g a n a l y s i s o f t h e 
s e r i e s s t r u c t u r e o f F i g u r e 1 2 : 
L e t -I = t o t a l i n v e n t o r y a t s t a g e n , n = 1 , 2 , . . . N and 
E I ^ = e c h e l o n i n v e n t o r y a t s t a g e n , n = 1 , 2 , . . . N 
N 




E I = J I T 
n J-1 J 
J=n 
and l e t h R b e t h e u n i t c o s t o f c a r r y i n g i n s t a l l a t i o n i n v e n t o r y a t s t a g e 
n and h^ b e t h e c a r r y i n g c o s t p e r u n i t o f e c h e l o n i n v e n t o r y , t h e n 
N _ N N N _ 
T o t a l C o s t = I h ^ I n = I h n E I n - I hn I I j 
n = l n = l n ^ l J=n 
h l ( I l + T2 + " - + I N - l + r N } 
+ h 2 ( I 2 + . . . + I X T , + I M ) N - 1 




n = l 
n 
J = l 
n 
I and h f = Y h T 
n J = l J 
i i Then h^ = h ^ - h ^ - l c a n b e c o n s i d e r e d a s t h e a d d i t i o n a l u n i t c a r r y i n g 
c o s t c a u s e d b y p r o c e s s i n g a t s t a g e n . 
C l a r k and S c a r f [ 3 ] and C r o w s t o n , W a g n e r , and W i l l i a m s show t h a t 
t h e a v e r a g e e c h e l o n i n v e n t o r y a t a n y s t a g e n i s Q n / 2 , a s s u m i n g i n s t a n ­
t a n e o u s p r o d u c t i o n ( t h a t i s , P n = °°) and t h e i n t e g e r m u l t i p l e p o l i c y t o 
b e d e f i n e d b e l o w . 
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To f o r m u l a t e a m o d e l b a s e d o n e c h e l o n i n v e n t o r y , l e t 
Q n = L o t s i z e a t s t a g e n , n = 1 , 2 , . . . N , 
N = I n d e x o f t h e f i r s t l e v e l s t a g e , 
S n = S e t up c o s t a t s t a g e n , 
h n = I n v e n t o r y h o l d i n g c o s t p e r u n i t t i m e p e r u n i t o f s t a g e n 
e c h e l o n i n v e n t o r y 
D = Demand r a t e o n s t a g e N , 
a ( n ) = S u c c e s s o r f a c i l i t y t o s t a g e n , 
f n ( Q n ) = C o s t o f p r o d u c t i o n and e c h e l o n i n v e n t o r y a t s t a g e n p e r u n i t 
t i m e , and 
T = T o t a l c o s t p e r u n i t t i m e . 
We s h a l l r e q u i r e t h a t Q n = k n Q a ( n ) » k n = 1 , 2 . . . , s o t h a t t h e l o t s i z e 
a t s t a g e n i s an i n t e g e r m u l t i p l e o f t h e p o l i c y a t s t a g e a ( n ) , t h e s u c c e s s o r 
f a c i l i t y u s i n g s t a g e n ' s p r o d u c t i o n . C r o w s t o n , W a g n e r , and W i l l i a m s show 
t h i s t o b e t h e o p t i m a l c y c l i c a l p o l i c y u n d e r r e l a t i v e l y g e n e r a l c o n d i t i o n s . 
The c o s t r e l a t i o n s d e f i n i n g t h e p r o b l e m a r e t h e f o l l o w i n g : 
S D Q„ 
f (Q ) = + h — 
1 1 V Qn n 2 
N 
T = I f (Q ) 
n = l 
The p r o b l e m i s t o c h o o s e Q-^, C ^ . . . , Q n t o m i n i m i z e T s u b j e c t t o t h e 
i n t e g e r m u l t i p l e r e q u i r e m e n t . 
L i t e r a t u r e S u r v e y and R e s u l t s 
C r o w s t o n , W a g n e r , and W i l l i a m s [ 5 ] p r o v e t h e o p t i m a l i t y o f t h e i n t e g e r 
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m u l t i p l e p o l i c y w h e r e t h e l o t s i z e a t a n y s t a g e i s a n i n t e g e r m u l t i p l e o f 
i t s s u c c e s s o r . They a l s o p r e s e n t g r a p h i c a l l y t h e d i f f e r e n c e b e t w e e n i n ­
s t a l l a t i o n and e c h e l o n s t o c k , and t h e y g i v e a d y n a m i c p r o g r a m m i n g a l g o r i t h m 
f o r s o l v i n g t h e a s s e m b l y s y s t e m p r o b l e m . 
C r o w s t o n , Wagner and Henshaw [ 4 ] p r e s e n t f o u r d i f f e r e n t a p p r o a c h e s 
f o r t h e a s s e m b l y s t r u c t u r e . The f i r s t i s t h e d y n a m i c programming a l g o r i t h m 
g i v e n i n [ 5 ] . The o t h e r t h r e e a r e h e u r i s t i c r u l e s w h i c h t h e y compared w i t h 
t h e d y n a m i c programming s o l u t i o n . They r a n s i x t e s t p r o b l e m s and f o u n d t h a t 
e v e n t h o u g h t h e d y n a m i c p r o g r a m m i n g o b t a i n e d a l o w e r c o s t i n t h r e e p r o b l e m s 
b y 0 . 0 7 % , 0 . 1 6 % , and 0 .60% r e s p e c t i v e l y , t h a n t h e b e s t h e u r i s t i c , i t c o n ­
sumed f o u r t i m e s t h e c o m p u t a t i o n t i m e . They a l s o show t h a t t h e d i f f e r e n c e 
i n c o m p u t a t i o n t i m e b e t w e e n t h e b e s t and t h e w o r s t h e u r i s t i c s i s o n l y 16% 
and c o n c l u d e t h a t t h e i r b e s t h e u r i s t i c i s a g o o d a p p r o a c h . 
The t h i r d i m p o r t a n t p a p e r t r e a t i n g t h e a s s e m b l y s t r u c t u r e w i t h c o n ­
s t a n t demand i s b y S c h w a r z and S c h r a g e [ 2 4 ] . They s u g g e s t some a d j u s t m e n t s 
f o r t h e p a r a m e t e r s i n o r d e r t o u s e a b r a n c h and bound a l g o r i t h m and p r e s e n t 
t h e o r e t i c a l and e m p i r i c a l e v i d e n c e f o r t h e n e a r o p t i m a l i t y o f s y s t e m m y o p i c 
p o l i c i e s w h i c h a r e e a s y t o u n d e r s t a n d , r e q u i r e l e s s i n f o r m a t i o n , and a r e 
f a s t and e a s y t o c o m p u t e . E s s e n t i a l l y t h e s y s t e m m y o p i c p o l i c i e s c o n s i d e r 
o n l y two s t a g e s a t a t i m e i n l o t s i z e d e t e r m i n a t i o n . 
A n a l y s i s 
The f o l l o w i n g a n a l y s i s p r e s e n t s s e v e n d i f f e r e n t a p p r o a c h e s : t h e d y ­
n a m i c programming d e s c r i b e d i n [ 5 ] , t h e t h r e e h e u r i s t i c a l g o r i t h m s o f [ 4 ] , 
t h e b r a n c h and bound m e n t i o n e d i n [ 2 4 ] , t h e m y o p i c p o l i c i e s p r e s e n t e d i n 
t h e same p a p e r , and a d y n a m i c programming a l g o r i t h m s i m i l a r t o t h a t o f [ 5 ] , 
b u t w i t h a s l i g h t l y i m p r o v e d m e t h o d o f c o m p u t a t i o n . 
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The Dynamic Programming A l g o r i t h m . For t h e two l e v e l s y s t e m 
d e s c r i b e d by F i g u r e 1 1 , we r e q u i r e Q n = k n Q N , n = 1 , 2 , . . . , N - 1 . 
L e t T n ( Q n ) b e t h e o p t i m a l c o s t a t s t a g e n and a l l p r i o r s t a g e s when 
Q n i s g i v e n . 
Then a t l e v e l 2 : 
and a t l e v e l 1 : 
N - 1 
T N ( Q N ) = f N ( Q N ) + I Minimum T n ( k n Q N ) 
n = i k n e i 
The o p t i m a l c o s t i s : 
T* = Minimum 
% 
The s o l u t i o n p r o c e e d s f r o m s e c o n d s t a g e t o t h e f i r s t , c o m p u t i n g 
T N ( Q N ) f o r a l l p o s s i b l e Q N , and t h e n f i n d i n g T. 
To i m p r o v e t h e c o m p u t a t i o n a l e f f i c i e n c y o f t h e a l g o r i t h m , C r o w s t o n , 
W a g n e r , and W i l l i a m s [ 5 ] p r o p o s e t h e f o l l o w i n g p r o c e d u r e f o r b o u n d i n g Q^. 
F o r e a c h s t a g e , c o m p u t e 
N - 1 
f N ( Q N ) + I Minimum [ ^ ( k ^ ) ] 
n = l k n e l 
QC = ( 2 D S n/h n) 
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A l o w e r bound f o r t h e c o s t a t s t a g e n i s 
LZn = (2snV» 1 / 2 
and t h e r e f o r e a l o w e r bound f o r t h e c o m p l e t e s y s t e m w o u l d b e 
N 
L B = 7 L Z „ 
n = l 
An u p p e r bound f o r s y s t e m c o s t may b e o b t a i n e d from a n y f e a s i b l e s o l u t i o n , 
s u c h a s o n e o b t a i n e d b y s e t t i n g a l l k ' s e q u a l t o 1 and Qj. = Q̂ . The r e ­
s u l t i n g u p p e r bound w o u l d b e 
N 
U B = I 
n = l 
D S n + Q-Ai 
QN 2 
The u p p e r and l o w e r b o u n d s o n t o t a l s y s t e m c o s t a r e u s e d i n t h e f o l ­
l o w i n g manner t o o b t a i n b o u n d s o n QJT . The maximum c o s t t h a t c a n b e a s s o ­
c i a t e d w i t h s t a g e N i s UB - ( L B - L Z N ) . S i n c e t h e c o s t a t s t a g e N i s 
w h i c h i s c o n v e x i n QN, s o l v i n g t h e f o l l o w i n g q u a d r a t i c e q u a t i o n w i l l y i e l d 
two p o s i t i v e v a l u e s t h a t c a n b e u s e d a s b o u n d s o n t h e o p t i m a l l o t s i z e f o r 
s t a g e N : 
3 1 
D S N Q N h N 
+ = UB - (LB-LZvr). 
An A l t e r n a t i v e S o l u t i o n P r o c e d u r e . The a l g o r i t h m p r e s e n t e d a b o v e 
s u g g e s t s t h a t t h e k - v a l u e f o r e a c h s t a g e a t l e v e l 2 i s f o u n d by s e a r c h i n g 
o n i t s p o s s i b l e r a n g e u n t i l t h e minimum c o s t i s o b t a i n e d . 
An a l t e r n a t i v e a p p r o a c h t o f i n d k f l i s t o a s s u m e k n i s c o n t i n u o u s 
and d i f f e r e n t i a t e 
S e c o n d l y , t o l i m i t t h e r a n g e o f s e a r c h o v e r t o f i n d t h e minimum 
o f T f l (Qf l )» a d i f f e r e n t b o u n d i n g p r o c e d u r e w a s u s e d . w a s l i m i t e d t o t h e 
r a n g e 
VknV " W » + k nW 2 
and e q u a t e t h e d e r i v a t i v e t o z e r o t o o b t a i n 
k n = 2 S n D / Q N h n 
1 / 2 
min Q c < QXT < max QC n — X N — x n 
n n 
w h e r e 
0 9 = 2 S „ D / h n n i 1 / 2 n 
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S i n g l e P a s s H e u r i s t i c A l g o r i t h m . S u b s t i t u t i n g Q n = k n Q n , w h e r e 
k f l = 1 i n t h e t o t a l c o s t e q u a t i o n , t h e n 
N 
T " I <DVkn% + k nW 2 > n=l 
Then r e q u i r i n g 3 T / 8 Q N = 0 y i e l d s f o r a g i v e n s e t o f k n 
N N 
2D I ( 8 ^ ) / I k ^ 
n = l n = l 
1 / 2 
S t e p s i n t h e r o u t i n e : 
1 . S e t a l l k = 1 and c o m p u t e Qjg, Tjg, and do B e s t = T J T , s e t n=N. 
2 . S u b t r a c t o n e u n i t f rom n , and i f n e q u a l s z e r o , s t o p . 
3 . I n c r e a s e o n e u n i t t h e v a l u e o f k . 
n 
4 . Compute QJT and T-^ w i t h t h a t s e t o f k ' s . 
5 . Compare T N w i t h B e s t and i f T N i s g r e a t e r t h a n o r e q u a l t o B e s t 
s u b t r a c t o n e u n i t f rom kjj and g o t o s t e p 2 . 
6 . Do B e s t e q u a l t o Tj. and go t o 3 . 
M u l t i p l e P a s s H e u r i s t i c A l g o r i t h m . T h i s a l g o r i t h m i s s i m i l a r t o t h e 
s i n g l e p a s s . The d i f f e r e n c e s a r e t h a t i n m u l t i p l e p a s s t h e a n s w e r s ( k ' s ) 
o f t h e s i n g l e p a s s a r e u s e d a s t h e i n i t i a l s e t o f k ' s , u n t i l n o i m p r o v e ­
m e n t i s r e g i s t e r e d . T h i s p r o c e d u r e a l s o a l l o w s t h e r e d u c t i o n o f k n , t h a t 
i s a f t e r s t e p 5 , i f w a s g r e a t e r t h a n o r e q u a l t o B e s t , t h e n t h e a l ­
g o r i t h m w i l l s e a r c h f o r l o w e r v a l u e s o f k n , i n o t h e r w o r d s . 
5 . Compare T N w i t h B e s t , and i f T^ i s g r e a t e r t h a n o r e q u a l t o 
B e s t , s u b t r a c t o n e u n i t f rom k n and g o t o 7 . 
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6. Do B e s t e q u a l t o T M and go t o 3 . 
7 . S u b t r a c t o n e u n i t f rom k 
n 
8 . Compute Q N and T™ w i t h t h a t s e t o f k ' s . 
9 . Compare w i t h B e s t , and i f T N i s g r e a t e r t h a n o r e q u a l t o 
B e s t , add o n e u n i t t o k^ and g o t o 2 . 
1 0 . Do B e s t e q u a l t o and go t o 7 . 
M o d i f i e d M u l t i p l e P a s s H e u r i s t i c A l g o r i t h m . T h i s f i n a l h e u r i s t i c 
i s i d e n t i c a l t o t h e m u l t i p l e p a s s h e u r i s t i c e x c e p t t h a t i t d o e s n o t b e g i n 
w i t h k n = 1 . I n s t e a d f o r e a c h s t a g e n = 1 , 2 , . . . N t h e " u n c o n s t r a i n e d " l o t 
s i z e i s c a l c u l a t e d ( t h e c l a s s i c i a l EOQ M o d e l i s u s e d ) , and b e g i n n i n g w i t h 
QJJ r o u n d e d t o t h e n e a r e s t i n t e g e r v a l u e , t h e l o t s i z e s o f a l l p r e d e c e s ­
s o r s a r e a d j u s t e d t o t h e i n t e g e r m u l t i p l e o f n e a r e s t t h e i r " u n c o n s t r a i n ­
e d " l o t s i z e . 
The B r a n c h and Bound A l g o r i t h m . C o n s i d e r Q N a s t h e o p t i m a l i n d i v i d ­
u a l l o t s i z e , t h a t i s c o m p u t e d u s i n g t h e c l a s s i c a l l o t s i z e d e t e r m i n a t i o n s 
f o r a s i n g l e s t a g e . 
Q = (2S D / h ) x n x n n ' 
1 / 2 
Now, a p p l y i n g t h i s f o r m u l a t o o u r t o t a l p r o b l e m , m i n i m i z e 
N N 
n = l n = l 
I ( S n / k N ) / Q N + ( Q N / 2 ) I 
_ ^n^n 
y i e l d s 
N N 1 / 2 
Q N = 2D I ( S n / k n ) / I k n h n 
n = l n = l 
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w h i c h i s e x a c t l y t h e same f o r m u l a d e r i v e d i n t h e s i n g l e p a s s a l g o r i t h m . 
N o t e t h a t t h i s c o r r e s p o n d s t o t h e s t a n d a r d EOQ w h e r e N i s t h e 
I S / k n n a v e r a g e s y s t e m s e t u p c o s t p e r l o t and N n = l 
I KK " n n 
i s a c o m p o s i t e s y s t e m h o l d i n g c o s t . n = l 
The s e a r c h b e g i n s b y s o l v i n g : 
m i n i m i z e 
N 
I ( S n D / Q n + h . Q n / 2 ) ( 2 . 1 ) 
n = l 
S u b j e c t t o Q n _> Q a ( t l ) f o r n = 1 , 2 , 1 1 1 , N - 1 ( 2 . 2 ) 
w i t h t h e n e x t p r o c e d u r e : 
( a ) Compute Q n f o r n = 1 , 2 , . . . N 
( b ) i f a l l c o n s t r a i n t s ( 2 . 2 ) a r e s a t i s f i e d , i . e . , Q > Q , * f o r 
n — a ( n ) 
a l l n , t h e n s t o p ; e l s e f i n d t h e s e t s u c h t h a t t h e r e i s a n f o r w h i c h 
Q n < Q N . F i n d Je ( 1 , 2 , . . . , N - 1 ) t h a t m i n i m i z e s Q n and t h e n m o d i f y ( 2 . 1 ) 
- ( 2 . 2 ) i n t h e f o l l o w i n g f a s h i o n : 
S •«- S + S . n n j 
h + h + h , n n 3 
S j 0 
h j - 0 
i f t h i s s o l u t i o n s a t i s f i e s t h e n e x t c o n s t r a i n t s 
Q = k Q x, f o r n = 1 , . . . ,N ( 2 . 3 ) x n n ' N ' ' 
>_ 1 and i n t e g e r ( 2 . 4 ) 
T h a t i s i f k n = Q n /QN i s i n t e g e r f o r J = 1 , 2 , . . . N - 1 , t h e o p t i m a l 
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p o l i c y i s a t h a n d , o t h e r w i s e a n o n i n t e g e r k n i s c h o s e n f o r b r a n c h i n g . 
S y s t e m M y o p i c P o l i c i e s . S y s t e m m y o p i c p o l i c i e s o p t i m i z e w i t h 
r e s p e c t t o a n y two c o n s e c u t i v e s t a g e s and i g n o r e o t h e r m u l t i - s t a g e i n ­
t e r a c t i o n e f f e c t s . The s y s t e m m y o p i c p o l i c y we c h o s e t o i n v e s t i g a t e 
d e t e r m i n e s t h e k n v a l u e s f o r p r o b l e m ( 2 . 1 ) - ( 2 , 4 ) b y c o n s i d e r i n g e a c h 
s t a g e n and i t s a ( n ) = N a s a t w o - s t a g e s y s t e m . S c h w a r z [ 2 4 ] h a s shown 
t h a t t h e o p t i m a l i n t e g e r lc^ = Q n /QN f o r s u c h s y s t e m s i s t h e s m a l l e s t i n t e ­
g e r k n s a t i s f y i n g 
I n o r d e r t o c o m p a r e t h e a l t e r n a t i v e a l g o r i t h m s , s e v e n c o m p u t e r p r o ­
grams w e r e w r i t t e n and t e s t e d w i t h 1 0 d i f f e r e n t p r o b l e m s . 
T h o s e p r o g r a m s a r e g i v e n i n A p p e n d i x B and c o r r e s p o n d t o t h e a l g o ­
r i t h m s i n t h e f o l l o w i n g w a y : 
w h e r e M i s t h e "Myopia R a t i o " d e f i n e d a s 
M„ - < W S N h n > 
R e s u l t s 







THE 1 2 
Dynamic P r o g r a m m i n g 
S i n g l e P a s s 
M u l t i p l e P a s s 
M o d i f i e d M u l t i p l e P a s s 
B r a n c h and Bound 
M y o p i c P o l i c i e s 
A l t e r n a t e Dynamic Programming 
The p r o b l e m s a r e p r e s e n t e d i n T a b l e 2 o f A p p e n d i x A , and a s i t c a n 
3 6 
b e o b s e r v e d t h e y r e p r e s e n t a v a r i e t y o f c a s e s : d r a s t i c c h a n g e s i n s e t ­
up c o s t s , w i t h i n v e n t o r y c o n s t a n t c o s t s and v i c e v e r s a ; s m o o t h c h a n g e s 
i n s e t up c o s t s w i t h c o n s t a n t i n v e n t o r y c o s t s and v i c e v e r s a ; i n c r e a s i n g 
f u n c t i o n s i n b o t h s e t up c o s t s and i n v e n t o r y c o s t s ; and i n c r e a s i n g s e t 
up c o s t s w i t h d e c r e a s i n g i n v e n t o r y c o s t s . 
A summary o f a l l t h e r e s u l t s o f t h e s e v e n p r o g r a m s i s p r e s e n t e d i n 
T a b l e 1 . The a s t e r i s k s I n t h e t a b l e mean t h a t t h e p r o g r a m d i m e n s i o n s 
w e r e n o t a d e q u a t e t o s o l v e t h o s e ( t h r e e ) p r o b l e m s . A b r i e f summary c a n 
b e p r e s e n t e d a s f o l l o w s : 
T h e s e r e s u l t s s u g g e s t t h a t t h e h e u r i s t i c s ( M u l t i p l e and M o d i f i e d 
M u l t i p l e P a s s ) a r e t h e b e s t a l g o r i t h m s t o c a l c u l a t e l o t s i z e s i n a s s e m b l y 
s t r u c t u r e s . B r a n c h and Bound h a s g o o d r e s u l t s b u t i t t a k e s t o o much 
t i m e ; e v e n t h o u g h t h e A l t e r n a t e Dynamic P r o g r a m m i n g i s n o t t h e b e s t o n e , 
i t s e e m s t o b e b e t t e r t h a n t h e o t h e r two p o l i c i e s (Dynamic Programming 
and M y o p i c P o l i c i e s ) and e q u a l t o S i n g l e P a s s . F o r t h e c a s e o f s m o o t h 
c h a n g e s i n s e t up c o s t , c o n s t a n t i n v e n t o r y c o s t and l o w v a l u e i n s e t up 
c o s t a t s t a g e N ( p r o b l e m 5 ) , i t y i e l d e d t h e b e s t p o l i c y . 
Dynamic Programming p e r f o r m s w e l l when t h e i n v e n t o r y c a r r y i n g c o s t 
a t s t a g e N i s g r e a t e r t h a n o r e q u a l t o t h e h i g h e s t i n v e n t o r y c o s t a t 
T i m e s i t was t h e 
b e s t s o l u t i o n 
P e r c e n t a g e o v e r 
t h e b e s t t i m e 
Dynamic Programming 
S i n g l e P a s s 
M u l t i p l e P a s s 
M o d i f i e d M u l t i p l e P a s s 
B r a n c h and Bound 
M y o p i c P o l i c i e s 








9 0 . 3 8 
6 4 . 1 8 
7 2 . 7 1 
9 6 . 7 4 
2 8 7 , 2 8 
0 
7 5 . 5 0 
T a b l e 1 . R e s u l t s F o r A s s e m b l y S t r u c t u r e 
P r o b l e m 
Dynamic 
Programming 
(THE 1 ) 
S i n g l e 
P a s s 
(THE 2 ) 
M u l t i p l e 
P a s s 
(THE 3 ) 
M o d i f i e d 
M u l t i p l e 
P a s s 
(THE 4 ) 
B r a n c h 
and 
Bound 
(THE 5 ) 
M y o p i c 
P o l i c i e s 
(THE 6 ) 
A u t h o r T s 
A p p r o a c h 
(THE 1 2 ) 
B e s t 
S o l u t i o n 
1 
t 6 8 7 7 . 5 0 
1 2 8 
1 . 2 9 
7 6 5 2 . 8 9 
437 
1 . 0 6 5 
7 1 9 5 . 4 8 
3 0 3 
1 , 1 4 7 
6 8 7 7 . 5 0 
1 2 8 
1 . 2 8 1 
6 8 7 7 . 5 0 
1 2 8 
2 . 4 1 7 
6 8 7 7 . 5 0 
1 2 8 
. 6 7 5 
** 
THE 1 , THE 4 , 
THE 5 , THE 6 
2 
1 1 3 2 9 . 1 7 
1 2 6 5 
1 . 2 1 1 
9 5 9 0 . 3 6 
5 9 0 
1 . 0 7 2 
9 5 9 0 . 3 6 
5 9 0 
1 . 1 1 4 
9 5 9 0 . 3 6 
5 9 0 
1 . 2 3 7 
9 5 9 0 . 3 6 
5 9 0 
2 . 7 0 7 
1 0 4 3 6 . 9 4 
7 9 6 
, 6 5 8 
1 1 3 2 9 . 1 7 
1 2 6 5 
1 . 1 9 1 
THE 2 , THE 3 , 
THE 4 , THE 5 
3 * 
1 0 6 4 6 . 6 7 
1 1 1 
1 . 0 7 4 
1 0 5 5 7 . 7 8 
1 0 1 
1 , 0 8 9 
1 0 5 5 7 . 7 8 
1 0 1 
1 . 2 2 0 
1 0 6 4 1 . 7 1 
1 0 9 
2 . 4 8 2 
1 2 9 3 9 . 9 7 
1 4 7 
, 6 5 5 
3 8 4 4 3 , 0 7 
8 9 4 




1 1 7 3 8 . 8 9 
3 0 
1 . 2 4 4 
1 1 8 7 8 . 3 1 
96 
1 . 0 2 7 
1 1 7 3 8 . 8 9 
9 0 
1 . 1 0 6 
1 1 7 3 8 , 8 9 
9 0 
1 . 2 6 0 
1 1 7 3 8 . 8 9 
9 0 
2 . 4 6 0 
1 1 7 3 9 . 1 8 
9 1 
. 6 3 7 
1 1 7 3 8 . 8 9 
9 0 
1 , 1 2 6 
THE 1 , THE 3 , 
THE 4 , THE 5 , 
THE 1 2 
5 
2 5 8 8 . 4 5 
9 0 
1 . 2 4 1 
2 6 4 5 . 7 5 
212 
1 . 0 8 8 
2 6 4 5 . 7 5 
2 1 2 
1 . 0 8 6 
2 5 8 7 . 2 3 
1 2 2 
1 . 3 2 5 
2 6 2 7 . 9 8 
1 6 2 
2 . 4 6 3 
2 5 8 8 , 4 6 
1 3 0 
, 6 5 8 
2 5 8 6 . 8 3 
94 
1 . 0 7 0 
THE 1 2 
6 
2 8 9 9 . 4 9 
2 8 3 
1 . 1 8 
2 8 2 8 . 4 3 
2 2 6 
1 . 0 3 5 
2 8 2 8 , 4 3 
2 2 6 
1 . 0 9 6 
2 8 2 8 , 4 3 
2 2 6 
1 . 2 3 4 
2 8 2 8 . 4 3 
2 2 6 
2 . 5 1 6 
2 8 2 9 . 9 5 
2 1 9 
. 6 8 9 
2 8 9 9 . 4 5 
2 8 3 
1 . 1 6 3 
THE 2 , THE 3 
THE 4 , THE 5 
7 
6 2 5 9 . 0 7 
8 9 4 
1 . 1 6 8 
4 6 9 5 . 7 4 
3 8 3 
1 . 1 5 8 
4 6 9 5 . 7 4 
3 8 3 
1 . 1 5 8 
4 6 9 5 . 7 4 
3 8 3 
1 . 3 2 0 
4 6 9 5 . 7 4 
3 8 3 
2 . 5 0 2 
4 8 0 0 . 0 0 
4 0 0 
, 6 4 3 
6 2 5 9 . 0 7 
8 9 4 
1 . 1 3 0 
THE 2 , THE 3 
THE 4 , THE 5 
37 
p r e c e d i n g s t a g e s . 
The r e a s o n d y n a m i c programming d i d n o t a l w a y s o b t a i n t h e b e s t s o l u ­
t i o n a s e x p e c t e d i s t h a t t h e m e t h o d s o f b o u n d i n g Q N programmed i n t o THE 1 
and THE 1 2 e x c l u d e d t h e o p t i m a l Q N i n c e r t a i n o f t h e p r o b l e m s . For e x ­
a m p l e , i n p r o b l e m 7 , t h e b e s t s o l u t i o n was o b t a i n e d w i t h Q N = 3 8 3 , w h i l e 
t h e l o w e r bound c o m p u t e d i n t h e d y n a m i c p r o g r a m m i n g s o l u t i o n w a s 8 9 4 . 
The b o u n d i n g m e t h o d s u s e d w e r e m o d i f i c a t i o n s o f t h e p r e v i o u s l y d e s c r i b e d 
p r o c e d u r e o f Crows t o n , et^ a ] . . O b v i o u s l y t h e i r a p p r o a c h , w h i l e r e q u i r i n g 
more c o m p u t a t i o n t i m e , i s t o b e p r e f e r r e d o v e r t h e m e t h o d s t r i e d h e r e . 
S i n g l e P a s s g i v e s f a i r r e s u l t s f o r a l l t h e c a s e s , e s p e c i a l l y f o r 
h i g h v a l u e s o f s e t up c o s t a t s t a g e N. M u l t i p l e P a s s y i e l d e d v e r y g o o d 
r e s u l t s , f a i l i n g p r i m a r i l y f o r l o w v a l u e s o f s e t up c o s t a t s t a g e N. 
M o d i f i e d M u l t i p l e P a s s , t h e b e s t o n e , b e i n g 9 0 p e r c e n t o f t h e t i m e o p t i ­
m a l , f a i l i n g o n c e b y i n s i g n i f i c a n t d i f f e r e n c e . B r a n c h and Bound w a s o p ­
t i m a l s e v e n t i m e s and f o r t h e t h r e e r e m a i n d e r p r o b l e m s i t was o n l y 1 . 3 5 
p e r c e n t o v e r t h e o p t i m a l c o s t . The g r e a t d i s a d v a n t a g e o f t h i s a l g o r i t h m 
i s t h e c o m p u t a t i o n a l t i m e t h a t i t r e q u i r e s , e v e n t h o u g h M y o p i c P o l i c i e s 
g i v e a n o p t i m a l s o l u t i o n j u s t two t i m e s . The c o s t s a c h i e v e d by t h i s a l ­
g o r i t h m w e r e o n l y a n a v e r a g e o f f i v e p e r c e n t a b o v e t h e o p t i m a l . 
A r b o r e s c e n c e S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
L e t u s now c o n s i d e r t h e c a s e w h e r e t h e r e a r e any number o f s t a g e s 
a t l e v e l o n e and j u s t o n e a t l e v e l t w o . S u c h s y s t e m s a r e e n c o u n t e r e d 
f r e q u e n t l y ; f o r e x a m p l e , a g r o u p o f company-owned g a s o l i n e s e r v i c e s t a ­
t i o n s s u p p l i e d by a s i n g l e company-owned b u l k s t o r a g e f a c i l i t y , o r a 
T a b l e 1 . C o n t i n u e d 
P r o b l e m 
Dynamic 
Programming 
(THE 1 ) 
S i n g l e 
P a s s 
(THE 2 ) 
M u l t i p l e 
P a s s 
(THE 3) 
M o d i f i e d 
M u l t i p l e 
P a s s 
(THE 4 ) 
B r a n c h 
and 
Bound 
(THE 5 ) 
M y o p i c 
P o l i c i e s 
(THE 6 ) 
A u t h o r T s 
A p p r o a c h 
(THE 1 2 ) 
B e s t 
S o l u t i o n 
8 
5 0 4 1 . 5 0 
3 3 1 
1 . 2 3 0 
5 0 6 1 . 2 9 
349 
1 . 0 2 7 
5 0 4 1 . 5 0 
3 3 1 
1 . 0 9 6 
5 0 4 1 . 5 0 
3 3 1 
1 . 2 9 3 
5 0 4 1 . 5 0 
3 3 1 
2 . 4 2 7 
5 0 4 5 . 6 8 
3 1 2 
. 6 1 9 
5 0 4 1 . 5 0 
3 3 1 
1 . 0 9 3 
THE 1 , THE 3 , 
THE 4 , THE 5 , 
THE 12 
9 
2 0 7 1 2 . 9 8 
634 
1 . 2 9 6 
2 0 7 1 2 . 9 2 
6 3 2 
1 . 1 2 5 
2 0 7 1 2 . 9 2 
632 
1 . 0 9 0 
2 0 7 1 2 . 9 2 
6 3 2 
1 . 2 6 1 
2 0 7 1 2 . 9 2 
6 3 2 
2 . 5 3 5 
2 0 7 1 2 . 9 2 
6 3 2 
. 5 8 9 
2 0 7 1 2 . 9 2 
632 
1 . 1 3 0 
THE 2 , THE 3 , 
THE 4 , THE 5 , 
THE 6 , THE 12 
1 0 
1 7 6 7 2 . 6 7 
632 
1 . 1 9 7 
1 6 1 5 1 . 3 8 
3 7 6 
1 . 0 2 2 
1 5 9 2 5 . 2 4 
346 
1 . 1 5 4 
1 5 9 2 5 , 2 4 
3 4 6 
1 . 2 6 1 
1 6 2 0 6 , 4 9 
3 8 1 
2 . 4 6 7 
1 6 7 3 0 . 3 0 
4 1 1 





A v e r a g e s 








C o s t o f p r o d u c t i o n program ( d o l l a r s ) 
L o t s i z e o f s t a g e 1 0 ( u n i t s ) 
Computer t i m e u s e d i n t h e p r o b l e m ( s e c o n d s ) 
T a b l e 2 . D a t a F o r A s s e m b l y P r o b l e m s 
1 2 3 4 5 
P r o b l e m 
S h D S h D S h D S h D S h D 
S t a g e 
10 1 . 2 5 10 1 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 1 0 1 . 2 5 
2 1 0 0 1 . 2 5 1 0 0 1 . 2 5 1 0 0 2 . 5 1 0 0 2 . 5 1 5 1 . 2 5 
3 1 0 0 0 1 . 2 5 1 0 0 0 1 . 2 5 1 0 0 2 5 1 0 0 25 2 0 1 . 2 5 
4 1 0 1 . 2 5 1 0 1 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 25 1 . 2 5 
5 1 0 0 1 . 2 5 1 0 0 1 . 2 5 1 0 0 2 . 5 1 0 0 2 . 5 3 0 1 . 2 5 
6 1 0 0 0 1 . 2 5 1 0 0 0 1 . 2 5 1 0 0 25 1 0 0 2 . 5 3 5 1 . 2 5 
7 1 0 1 . 2 5 10 1 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 4 0 1 . 2 5 
8 1 0 0 1 . 2 5 1 0 0 1 . 2 5 1 0 0 2 . 5 1 0 0 2 . 5 45 1 . 2 5 
9 1 0 0 0 1 . 2 5 1 0 0 0 1 . 2 5 1 0 0 25 1 0 0 25 5 0 1 . 2 5 
10 1 0 1 . 2 5 1 0 0 0 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 1 0 0 25 1 0 0 0 10 1 . 2 5 1 0 0 0 
S - S e t up c o s t ( d o l l a r s ) 
h - I n v e n t o r y c a r r y i n g c o s t ( d o l l a r s ) 
D - Demand ( u n i t s ) 
T a b l e 2 . C o n t i n u e d 
6 7 00
 
9 1 0 
P r o b l e m S h D S h D S h D S h D S h D 
S t a g e 
1 1 0 1 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 5 0 . 2 5 5 0 1 . 0 0 
2 15 1 . 2 5 1 0 0 . 5 0 1 0 0 . 5 0 1 0 0 . 5 0 1 0 0 6 . 0 0 
3 20 1 . 2 5 1 0 0 . 7 5 1 0 0 . 7 5 2 0 0 1 . 0 0 2 0 0 5 . 0 0 
4 25 1 . 2 5 1 0 0 1 . 0 0 1 0 0 1 . 0 0 3 0 0 1 . 5 0 3 0 0 4 . 0 0 
5 30 1 . 2 5 1 0 0 1 . 2 5 1 0 0 1 . 2 5 5 0 0 2 . 5 0 5 0 0 2 . 5 0 
6 3 5 1 . 2 5 1 0 0 1 . 5 0 1 0 0 1 . 5 0 8 0 0 4 . 0 0 8 0 0 1 . 5 0 
7 4 0 1 . 2 5 1 0 0 1 . 7 5 1 0 0 1 . 7 5 1 0 0 0 5 . 0 0 1 0 0 0 1 . 0 0 
CO
 
45 1 . 2 5 1 0 0 2 . 0 0 1 0 0 2 . 0 0 1 2 0 0 6 . 0 0 1 2 0 0 . 5 0 
9 50 1 . 2 5 1 0 0 2 . 2 5 1 0 0 2 . 2 5 1 4 0 0 7 . 0 0 1 4 0 0 . 2 5 
10 50 1 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 1 0 0 2 . 2 5 1 0 0 0 1 0 0 0 5 . 0 0 1 0 0 0 1 0 0 0 5 . 0 0 1 0 0 0 
42 
c h a i n o f d i s c o u n t d e p a r t m e n t s t o r e s s u p p l i e d by a s i n g l e r e g i o n a l w a r e ­
h o u s e . F i g u r e 1 3 i l l u s t r a t e s t h e t w o - l e v e l a r b o r e s c e n c e s t r u c t u r e . The 
demand r a t e s o n t h e l e v e l o n e s t a g e s a r e known and c o n s t a n t . 
L e v e l 2 L e v e l 1 
F i g u r e 1 3 . A r b o r e s c e n c e S t r u c t u r e I n Two L e v e l s 
The o b j e c t i v e i s t o d e t e r m i n e l o t s i z e p o l i c i e s a t e a c h s t a g e i n 
o r d e r t o m i n i m i z e t h e a v e r a g e c o s t p e r u n i t t i m e f o r t h e s y s t e m a s a w h o l e . 
I t i s c l e a r t h a t t h e demand o f t h e s t a g e 1 w i l l b e t h e s u m m a t i o n o f 
t h e l e v e l 1 s t a g e s ' d e m a n d s , t h a t i s , 
N 
D l - I D n 
n = 2 
i t i s a s s u m e d t h a t s t a g e 1 r e c e i v e s m a t e r i a l i n s t a n t a n e o u s l y and t h a t i t 
d e l i v e r s t o any f a c i l i t y a t l e v e l 1 , i n s t a n t a n e o u s l y . B a c k l o g g i n g i s n o t 
p e r m i t t e d a t any s t a g e and c o s t s o f p r o d u c t i o n a n d i n v e n t o r y h a v e t h e 
same s t r u c t u r e a s i n t h e p r e v i o u s s e c t i o n . 
The t o t a l c o s t e q u a t i o n i s t h e r e f o r e , 
4 3 
N 
T = I ( S n D n / Q n + h n Q n / 2 ) 
n = l 
t h e same a s i n t h e a s s e m b l y c a s e . The g o a l i s t o c h o o s e Q ^ , Q 2 , - . . , Q J J t o 
m i n i m i z e T. 
L i t e r a t u r e S u r v e y and R e s u l t s 
T h e r e a r e two r e l e v a n t p a p e r s i n t h e l i t e r a t u r e t h a t t r e a t t h i s 
p r o b l e m . S c h w a r z [ 2 3 ] c o n s i d e r s t h e c a s e o f o n e w a r e h o u s e and s e v e r a l 
r e t a i l e r s , d e v e l o p s e q u a t i o n s f o r c y c l e t i m e s , and s u g g e s t s a h e u r i s t i c 
m e t h o d o l o g y t o s o l v e t h e p r o b l e m . He d o e s n o t show n u m e r i c a l r e s u l t s . 
G r a v e s and S c h w a r z [ 1 0 ] p r o v i d e a more g e n e r a l and c o m p r e h e n s i v e t r e a t m e n t 
o f t h e p r o b l e m , g i v i n g a b r a n c h and bound a l g o r i t h m , and a l s o a s e t o f 
m y o p i c s i n g l e c y c l e p o l i c i e s . F i n a l l y t h e y p r e s e n t a n i m p r o v e m e n t p r o ­
c e d u r e u s i n g t h e m y o p i c p o l i c i e s . They g i v e c o m p u t a t i o n a l r e s u l t s , u s i n g 
5 0 0 p r o b l e m s w i t h 2 , 3 , 5 , and 1 0 r e t a i l e r s . T h e i r r e s u l t s a r e r e p r o d u c e d 
i n T a b l e 3 ; and i n o r d e r t o u n d e r s t a n d t h e i r m e a n i n g , d e f i n e : 
( C o s t o f H e u r i s t i c P o l i c y ) - ( C o s t o f B r a n c h and Bound A l g o r i t h m ) 
E = 1 0 0 
( C o s t o f B r a n c h and Bound A l g o r i t h m ) 
I t may b e o b s e r v e d t h a t a s t h e number o f s t a g e s i n c r e a s e s , t h e h e u r ­
i s t i c s t u r n o u t t o b e l e s s a c c u r a t e . H o w e v e r , t h e y s t i l l p e r f o r m v e r y 
w e l l s i n c e i n t h e w o r s t o f t h e c a s e s ( 1 0 r e t a i l e r s ) , t h e m y o p i c p o l i c y 
a v e r a g e s j u s t 1 . 7 4 p e r c e n t o v e r t h e o p t i m a l c o s t , and t h e i m p r o v e d m y o p i c 
i s 0 . 0 5 p e r c e n t o v e r o p t i m a l . I n g e n e r a l , t h e y show t h e c o n v e n i e n c e o f 
u s i n g s i m p l e h e u r i s t i c s r a t h e r t h a n c o m p l i c a t e d a l g o r i t h m s . 
G r a v e s and Schwarz a l s o g i v e t h e f o l l o w i n g c h a r a c t e r i s t i c s o f 
T a b l e 3 . H e u r i s t i c R e s u l t s 
Number 
o f 
R e t a i l e r s 
P o l i c y 
Number o f 
T i m e s 
Optimum 
E* Q E E Max 
o 
M y o p i c 4 9 2 0 . 0 1 % 0 .12% 1.9% 
£. 
I m p r o v e d M y o p i c 4 9 2 0 . 0 1 % 0 .12% 1.9% 
rt M y o p i c 4 6 3 0 .07% 0 .42% 4.6% j I m p r o v e d M y o p i c 4 6 7 0 .05% 0 .32% 3 . 1 % 
c: 
M y o p i c 3 9 9 0 .38% 1.12% 8.0% 
D I m p r o v e d M y o p i c 4 5 1 0 .05% 0 .22% 2.0% 
M y o p i c 2 2 1 1.74% 2 .85% 1 5 . 2 % 
1 0 
I m p r o v e d M y o p i c 4 2 9 0 .05% 0 .23% 3.2% 
* V a r i a b l e d e f i n e d i n S e c t i o n B o f C h a p t e r I I . 
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o p t i m a l p o l i c i e s f o r a r b o r e s c e n t s y s t e m s ( s t a t e d h e r e f o r t w o - l e v e l 
s y s t e m s ) : 
1 . S t a g e n p r o d u c e s ( o r d e r s ) o n l y when i t s i n v e n t o r y i s z e r o . 
2 . S t a g e 1 p r o d u c e s o n l y when a t l e a s t o n e o f i t s s u c c e s s o r s t a g e s 
(n = 2 , 3 , . . . , N ) p r o d u c e s . 
3 . For e a c h s t a g e n = 2 , 3 , . . . , N a l l l o t s i z e s p r o d u c e d i n t h e t i m e 
i n t e r v a l b e t w e e n s u c c e s s i v e p r o d u c t i o n r u n s a t s t a g e 1 a r e 
e q u a l . 
They a l s o p r o v e t h a t t h e o p t i m a l s t a t i o n a r y p o l i c y f o r t h e t w o - l e v e l 
s y s t e m h a s t h e f o l l o w i n g s t r u c t u r e , f o r n = 2 , 3 , . . . , N : 
— , k^ -* 1 , 2 , . . . 
D l D n 
N 
w h e r e = I D n « Thus t h e p r o b l e m i s t o f i n d t h e o p t i m a l Q-̂  and t h e i n -
n = l 
t e g e r v a r i a b l e s k 2 , k 3 , . . . , k N . 
A n a l y s i s 
As f o r t h e a s s e m b l y c a s e we w i l l a l s o d e v e l o p h e r e t h e d i f f e r e n t a p ­
p r o a c h e s m e n t i o n e d i n t h e l i t e r a t u r e s u r v e y , t h a t i s t h e h e u r i s t i c p r o c e ­
d u r e s u g g e s t e d i n [ 2 3 ] and t h e b r a n c h and bound and t h e m y o p i c p o l i c i e s 
g i v e n i n [ 1 0 ] , a s w e l l a s a d y n a m i c p r o g r a m m i n g a p p r o a c h d e v e l o p e d i n t h i s 
r e s e a r c h . 
H e u r i s t i c Method o f S c h w a r z [ 2 3 ] . D e f i n e t n a s t h e c y c l e t i m e a t 
s t a g e n , s o 
L e t f -^ ( t ) b e t h e a v e r a g e c o s t p e r u n i t t i m e f o r s t a g e 1 i f a c y c l e t i m e o f 
t i s u s e d . T h e n , 
f^Ct) - S 1 / t + h ^ t / 2 
T h i s c o s t i s m i n i m i z e d f o r a c y c l e t i m e o f 
t * = ^ / ( D ^ ) ] 3 7 2 
and t h e minimum c o s t i s 
f ^ t * ) = [ 2 S 1 h 1 D 1 ] 1 / 2 
L e t ^ n ^ ^ = A v e r a g e c o s t p e r u n i t t i m e f o r s t a g e n , n = 2 , 3 , . . . , N , 
g i v e n a s i n g l e c y c l e p o l i c y o f l e n g t h t a t s t a g e 1 and 
k d e l i v e r i e s f rom s t a g e 1 t o s t a g e n d u r i n g t h e c y c l e . 
T h i s c o s t i s 
f k ( t ) = kS / t + h D t / 2 k n n n n 
S i n c e f k ( t ) i s c o n v e x f o r a l l t > 0 , i t h a s a u n i q u e minimum a t 
t * ( k , n ) = k [ 2 S n / ( D n h n ) ] 1 / 2 
Then 
f k ( t * ( k , n ) ) = [ 2 S n h n D n ] 1 / 2 
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The s o l u t i o n a l g o r i t h m p r o p o s e d by S c h w a r z i s a s f o l l o w s : 
1 . Compute t * and t * ( l , n ) , t h e f i r s t l o c a l minimum o f f n ( t ) f ° r 
n - 2 , . . . , N . 
2 . I f t j > max [ t * ( l , n ) ] s e t t * = t ? , g o t o ( 4 ) ; o t h e r w i s e g o t o 
( 3 ) . 
3 . I f t * < max [ t * ( l , n ) ] t h e n l e t J = [ n | t * < t * ( l , n ) ] . L e t t * 
b e t h e v a l u e w h i c h m i n i m i z e s 
f x ( t ) + I f n ( t ) 
J 
Go t o ( 4 ) . 
, t h a t i s t = 2 ( S X + I s n ) / h 1 D 1 + J h ^ 
J J 
1 / 2 
4 . D e t e r m i n e 1 ^ , n = 2 , . . . N , t h e v a l u e o f k n t h a t m i n i m i z e s f £ ( t ) 
f o r t h e c h o s e n c y c l e l e n g t h . 
The B r a n c h and Bound A l g o r i t h m . G r a v e s and S c h w a r z [ 1 0 ] p r o v e t h a t 
t h e p r o b l e m c a n b e d e f i n e d a s f o l l o w s : 
N 
MIN Z = I 
n = l 
S„D„ h „ 0 „ n n n^n 
± 
v n 
s u b j e c t t o 
c o n s t a n t = 
1>1 »n 
and k ^ 1» i n t e g e r 
From t h i s , i t f o l l o w s t h a t t h e p r o b l e m may b e r e s t a t e d a s 
N 
MIN Z - I 
n = l 
+ 
2 k n D l 
( 2 . 5 ) 
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w h e r e 
k n >. 1 , i n t e g e r , n = 2 , 3 , . . . ,N and = 1 ( 2 . 6 ) 
S o l v i n g f o r t h e o p t i m a l Q^, g i v e n k2» k g , . . . , k N < 
( k 2 » k ^ , • • • , k ^ ) — 
N 
2D-, I k S 1 *•„ n n n = l 
N h D„ 
n=l kfPi 
1 / 2 
, w h e r e k. = 1 ( 2 . 7 ) 
When b r a n c h i n g a t l e v e l n we s e t k f o r t h a t l e v e l e q u a l t o some 
n 
i n t e g e r ( 1 , 2 , 3 , . . . ) . For a s e t o f s p e c i f i e d k^, k 2 » . . . k n ( n > l ) v a l u e s , 
p r o b l e m ( 2 . 5 ) - ( 2 . 6 ) b e c o m e s t h e f o l l o w i n g m i n i m i z a t i o n p r o b l e m f o r t h e 
r e m a i n i n g k v a l u e s , J = n + l , . . . , N : 
N 
MIN Z = I 
J=n+1 
k J s J D l h J ° j Q l 
2 k J D l 
S 1 D 1 
Ql 
h i Q i 
( 2 . 8 ) 
s u b j e c t t o 
k j >_ 1 , i n t e g e r , J = n + l , . . . N ( 2 . 9 ) 
s l " s i + I k J s J 
J = l 
( 2 . 1 0 ) 
"1 - h + J 
n h J D J 
J = l k j D l 
( 2 . 1 1 ) 
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Thus a s i s c l e a r f rom ( 2 . 1 0 ) and ( 2 . 1 1 ) , b r a n c h i n g a t l e v e l n c o r ­
r e s p o n d s t o " c o l l a p s i n g " s t a g e n ' s o r d e r and h o l d i n g c o s t s i n t o t h e i r 
r e s p e c t i v e c o s t s a t s t a g e 1 . The l o w e r bound o n ( 2 . 8 ) - ( 2 . 9 ) f o r a g i v e n 
b r a n c h a t l e v e l n i s d e t e r m i n e d by i g n o r i n g t h e i n t e g r a l i t y c o n s t r a i n t 
( 2 . 9 ) and o p t i m i z i n g ( 2 . 8 ) . T h i s y i e l d s l o w e r bound LB, w h e r e 
N 
LB = I [ 2 S J D J h J ] 1 / 2 + [ 2 S 1 D 1 h 1 ] 1 / 2 
J=n+1 
( 2 . 1 2 ) 
f o r n = 2 , 3 , . . . N , LB i s t h e c o s t f o r t h e s p e c i f i e d s i n g l e c y c l e p o l i c y . 
The s e a r c h b e g i n s b y g e n e r a t i n g a f e a s i b l e s o l u t i o n by s e q u e n t i a l l y 
s e t t i n g 1 ^ a t s t a g e n . B r a n c h i n g t h e n b e g i n s a t s t a g e 2 and p r o c e e d s u n ­
t i l a l l k-2 v a l u e s h a v e b e e n e n u m e r a t e d , a t w h i c h t i m e b r a n c h i n g b e g i n s a t 
s t a g e 3 , e t c . 
S y s t e m M y o p i c S i n g l e C y c l e P o l i c i e s . A r b o r e s c e n c e s t r u c t u r e i s 
c h a r a c t e r i z e d by o n e s t a g e a t l e v e l 2 w h i c h h a s r e l a t i o n s w i t h N - 1 s t a g e s 
a t l e v e l 1 . M y o p i c p o l i c i e s o p t i m i z e i n d i v i d u a l l y t h o s e r e l a t i o n s , f o c u s ­
i n g o n two s t a g e s a t a t i m e . Then f o r a g i v e n p a i r o f s t a g e s , t h e o b j e c ­
t i v e f u n c t i o n w o u l d b e 
m i n i m i z e 
S 1 D 1 h i Q i 
+ + 
S n D n h n Q n 
<n 





1 n n 
n=2 
k n >̂  1 , i n t e g e r 
S u b s t i t u t i n g Q n = Q^D^/k^D^ and o p t i m i z i n g w i t h r e s p e c t t o f o r 
f i x e d k n , we o b t a i n : 
w -
2 k n D n ( S l D l 2 + S n D ^ V 
D l (Wn + 
1 / 2 
T h i s i s s u b s t i t u t e d o n c o s t e q u a t i o n and b y d i f f e r e n c i n g , t h e s y s t e m 
m y o p i c kJJ v a l u e i s f o u n d a s t h e s m a l l e s t i n t e g e r kn s a t i s f y i n g 
k _ ( k _ + 1 ) > S 1 ( D _ / D 1 ) h n / S _ h 1 
G i v e n t h e k n , n = 2 , 3 , . . . N , Q ^ ( k 2 , . . . k ^ ) i s d e t e r m i n e d a s i n ( 2 . 7 ) . The 
c o r r e s p o n d i n g Q n v a l u e s , Q n ( k n ) , n = 2 , 3 , . . . N f a r e d e t e r m i n e d . 
n 1 
Q x ( k 2 « 
i . M \ . , k N ) 
Improvement i n M y o p i c P o l i c i e s . U s i n g t h e Q ^ ( k n ) a s d e t e r m i n e d i n 
( 2 . 7 ) , we may d e t e r m i n e new k R v a l u e s a s f o l l o w s : 
5 1 
Vkn + 1 ) > 0 W i i > / ( 2 S n D ? > 
T h e s e k v a l u e s may i n t u r n b e u s e d t o c o m p u t e a new Q*(k ) . T h i s 
n I n 
p r o c e s s may b e r e p e a t e d u n t i l t h e k R v a l u e s c o n v e r g e o r u n t i l c o s t i m p r o v e ­
m e n t s no l o n g e r j u s t i f y f u r t h e r i t e r a t i o n . 
A Dynamic Programming A p p r o a c h . U s i n g t h e p r o p e r t y o f t h e o p t i m a l 
s i n g l e c y c l e s o l u t i o n , 
Q l D n 
% = 
k n D i 
and m a k i n g t h e same a s s u m p t i o n s f o r t h e l i m i t s o f s t a g e 1 l o t s i z e a s i n 
t h e a s s e m b l y s t r u c t u r e , we d e f i n e t h e f o l l o w i n g r e c u r s i v e p r o c e d u r e . 
The p r o c e s s s t a r t s a t s t a g e n and f i n i s h e s a t s t a g e 1 , u s i n g t h e 
n e x t r e c u r s i v e e q u a t i o n s , 
T n ( Q x ) = MIN 
k n 
T* = o p t i m a l T = m i n T ^ C ^ ) 
Ql 
To d e t e r m i n e t h e v a l u e o f k n t h a t m i n i m i z e s ^ ( Q ^ ) , we a p p r o x i m a t e 
Ic^ a s c o n t i n u o u s a n d , n o t i n g t h a t T n + ^ ( Q l ) i s i n d e p e n d e n t o f k n , d i f f e r ­
e n t i a t e t o o b t a i n , 
s n k n D l Q l D n h n 
— + — + W Q 1 > 
Ql 2k D, n 1 
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- [ 1 / 2 
kn<V = <DnV2Dl2Sn 
Tj_(Qi) i s c o m p u t e d f o r a l l i n t e g e r v a l u e s o f Q2 w i t h i n t h e p r e d e t e r m i n e d 
r a n g e . 
R e s u l t s 
Computer p r o g r a m s w e r e f o r e a c h o n e o f t h e m e t h o d o l o g i e s d e s c r i b e d 
a b o v e , t h e c o r r e s p o n d i n g names a r e : 
The t e n p r o b l e m s u s e d t o t e s t t h e s e a l g o r i t h m s a r e p r e s e n t e d i n 
T a b l e 4 . The a v e r a g e demand o v e r t h e n i n e f i r s t l e v e l s t a g e s i s t h e same 
f o r a l l p r o b l e m s . 
T a b l e 5 - A c o n t a i n s t h e r e s u l t s . The a s t e r i s k u n d e r t h e b r a n c h and 
b o u n d t i t l e m e a n s t h a t t h o s e p r o g r a m s e x c e e d e d t h e t i m e l i m i t b e c a u s e o f 
t h e g r e a t number o f b r a n c h e s s e a r c h e d . A summary o f t h e r e s u l t s i s t h e 
f o l l o w i n g : 
Computer Name A p p r o a c h 
THE 8 
THE 9 
THE 1 0 
THE 1 1 
THE 14 
S c h w a r z ' s Method 
B r a n c h and Bound 
M y o p i c P o l i c i e s 
M o d i f i e d M y o p i c P o l i c i e s 
Dynamic Programming A p p r o a c h 
T imes i t w a s t h e 
b e s t s o l u t i o n 
P e r c e n t a g e o v e r 
t h e b e s t t i m e 
S c h w a r z ' s Method 
B r a n c h and Bound 





1 9 0 . 8 3 
M o d i f i e d M y o p i c P o l i c i e s 
Dynamic Programming A p p r o a c h 
2 7 . 3 3 
1 7 2 . 3 3 
S c h w a r z ' s Method d e f i n i t e l y w a s i n f e r i o r i n f o u r o f t h e c a s e s 
( P r o b l e m Numbers 1 , 2 , 6 , 7 ) , b e i n g f a r f r o m o p t i m a l f o r p r o b l e m s w i t h 
T a b l e 4 . P r o b l e m s F o r A r b o r e s c e n c e S t r u c t u r e 
P r o b l e m 
1 2 3 4 5 
S h D S h D S h D S h D S h D 
S t a g e 
1 10 1 . 2 5 1 0 1 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 10 1 . 2 5 
2 1 0 0 1 . 2 5 1 0 0 0 1 0 0 1 . 2 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 15 1 . 2 5 1 0 0 0 
3 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 25 1 0 0 0 1 0 0 25 1 0 0 0 20 1 . 2 5 1 0 0 0 
4 10 1 . 2 5 1 0 0 0 1 0 1 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 25 1 . 2 5 1 0 0 0 
5 1 0 0 1 . 2 5 1 0 0 0 1 0 0 1 . 2 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 3 0 1 . 2 5 1 0 0 0 
6 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 25 1 0 0 0 1 0 0 2 5 1 0 0 0 3 5 1 . 2 5 1 0 0 0 
7 10 1 . 2 5 1 0 0 0 1 0 1 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 4 0 1 . 2 5 1 0 0 0 
8 1 0 0 1 . 2 5 1 0 0 0 1 0 0 1 . 2 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 45 1 . 2 5 1 0 0 0 
9 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 25 1 0 0 0 1 0 0 2 5 1 0 0 0 50 1 . 2 5 1 0 0 0 
1 0 1 0 1 . 2 5 1 0 0 0 1 0 1 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 1 0 0 1 0 0 0 1 0 1 . 2 5 1 0 0 0 
S - S e t up c o s t ( d o l l a r s ) 
h - I n v e n v o r y c a r r y i n g c o s t ( d o l l a r s ) 
D - Demand ( u n i t s ) 
T a b l e 4 . C o n t i n u e d 
P r o b l e m 
6 7 8 9 1 0 
S h D S h D S h D S h D S h D 
S t a g e 
1 1 0 1 . 2 5 1 0 1 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 1 0 1 . 2 5 
2 1 0 0 1 . 2 5 2 0 0 1 0 0 1 . 2 5 2 0 0 1 0 0 2 . 5 2 0 0 1 0 0 2 . 5 2 0 0 15 1 . 2 5 2 0 0 
3 1 0 0 0 1 . 2 5 4 0 0 1 0 0 0 1 . 2 5 4 0 0 1 0 0 2 5 4 0 0 1 0 0 25 4 0 0 20 1 . 2 5 4 0 0 
4 1 0 1 . 2 5 6 0 0 1 0 1 . 2 5 6 0 0 1 0 0 . 2 5 6 0 0 1 0 0 . 2 5 6 0 0 25 1 . 2 5 6 0 0 
5 1 0 0 1 . 2 5 8 0 0 1 0 0 1 . 2 5 8 0 0 1 0 0 2 . 5 8 0 0 1 0 0 2 . 5 8 0 0 3 0 1 . 2 5 8 0 0 
6 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 2 5 1 0 0 0 1 0 0 25 1 0 0 0 35 1 . 2 5 1 0 0 0 
7 1 0 1 . 2 5 1 2 0 0 1 0 1 . 2 5 1 2 0 0 1 0 0 . 2 5 1 2 0 0 1 0 0 . 2 5 1 2 0 0 4 0 1 . 2 5 1 2 0 0 
8 1 0 0 1 . 2 5 1 4 0 0 1 0 0 1 . 2 5 1 4 0 0 1 0 0 2 . 5 1 4 0 0 1 0 0 2 . 5 1 4 0 0 4 5 1 . 2 5 1 4 0 0 
9 1 0 0 0 1 . 2 5 1 6 0 0 1 0 0 0 1 . 2 5 1 6 0 0 1 0 0 25 1 6 0 0 1 0 0 25 1 6 0 0 5 0 1 . 2 5 1 6 0 0 
1 0 1 0 0 0 1 . 2 5 1 8 0 0 1 0 0 0 1 . 2 5 1 8 0 0 1 0 0 . 2 5 1 8 0 0 1 0 0 25 1 8 0 0 10 1 . 2 5 1 8 0 0 
T a b l e 5 -A. R e s u l t s For A r b o r e s c e n c e S t r u c t u r e 
P r o b l e m 
S c h w a r z ' s 
Method 
(The 8 ) 
B r a n c h and 
Bound 
(The 9) 
M y o p i c 
P o l i c i e s 
(The 1 0 ) 
M o d i f i e d 
M y o p i c 
P o l i c i e s 
(The 1 1 ) 
A u t h o r ' s 
A p p r o a c h 
(The 1 4 ) 
B e s t 
S o l u t i o n 
1 + 7 9 6 8 9 . 4 0 
3 7 9 
. 7 8 2 
* 
1 2 2 5 9 . 6 9 
4 9 0 3 
. 5 7 8 
1 1 5 1 2 . 6 0 
5 8 7 8 
. 7 5 8 
6 1 7 1 2 . 5 6 
4 9 2 
1 . 5 7 8 
The 1 1 
2 1 0 3 1 6 9 . 3 1 
3 7 9 
. 7 6 1 
* 
1 3 9 5 8 . 8 7 
5 5 8 3 
. 6 1 2 
1 3 2 4 4 . 0 2 
6 4 2 8 
. 7 9 7 
7 9 8 2 2 . 3 2 
4 9 2 
1 . 6 3 6 
The 1 1 
ro 1 0 6 5 8 . 5 9 
2 6 8 3 
. 7 5 5 
1 0 3 8 2 , 6 8 
4 8 5 4 
1 . 7 0 6 
1 0 6 5 8 , 3 3 
2 7 0 2 
. 6 2 1 
1 0 6 5 8 . 3 3 
2 7 0 2 
. 7 7 9 
1 0 5 4 2 . 7 7 
3 2 4 4 
1 . 5 9 8 
The 9 
4 1 2 5 3 4 . 4 0 
2 6 8 3 
. 7 7 0 
1 2 3 6 5 . 2 7 
4 8 0 3 
1 . 6 6 9 
1 2 5 2 5 . 9 7 
2 5 8 6 
. 6 0 5 
1 2 5 2 5 . 9 7 
2 5 8 6 
. 7 7 1 
1 2 4 5 3 , 9 2 
3 1 8 0 
1 . 6 1 0 
The 9 
5 7 1 1 5 . 1 2 
3 7 9 
. 7 7 0 
3 5 4 9 , 6 5 
1 4 1 9 
1 . 7 0 3 
3 5 4 9 . 6 5 
1 4 1 9 
. 6 0 7 
3 5 4 9 . 6 5 
1 4 1 9 
. 7 6 6 
5 7 3 6 . 9 5 
4 9 2 
1 , 5 8 2 
The 9 
The 1 0 
The 1 1 
6 7 9 6 8 9 . 4 0 
3 7 9 
. 7 5 5 
* 
1 2 2 5 9 . 6 9 
4 9 0 3 
. 6 1 3 
1 1 3 1 5 . 8 4 
5 6 7 8 
. 7 4 7 
6 1 7 1 2 . 5 6 
4 9 2 
1 . 6 3 6 
The 1 1 
7 1 0 3 1 6 9 . 3 1 
3 7 9 
. 7 5 8 
* 
1 3 9 5 8 . 8 7 
5 5 8 3 
. 5 7 5 
1 3 3 4 3 . 9 6 
6 2 1 8 
. 7 7 0 
7 9 8 2 2 . 3 2 
4 9 2 
1 , 7 1 1 
The 1 1 
T a b l e 5 - A . C o n t i n u e d 
P r o b l e m 
S c h w a r z f s 
Method 
(The 8 ) 
B r a n c h and 
Bound 
(The 9 ) 
M y o p i c 
P o l i c i e s 
(The 1 0 ) 
M o d i f i e d 
M y o p i c 
P o l i c i e s 
(The 1 1 ) 
A u t h o r l s 
A p p r o a c h 
(The 1 4 ) 
B e s t 
S o l u t i o n 
8 1 0 2 0 8 . 8 9 
2 6 8 3 
. 7 5 5 
9 8 7 7 . 2 5 
4 9 2 0 
1 . 8 0 1 
1 0 1 9 5 . 4 2 
2 8 2 4 
. 6 1 9 
9 9 2 7 . 7 4 
3 9 8 8 
. 7 4 4 
1 0 0 0 1 . 8 6 
3 4 8 7 
1 . 6 4 8 
The 9 
9 1 2 8 2 5 . 0 9 
2 6 8 3 
. 7 6 2 
1 2 5 7 1 . 5 3 
4 8 6 8 
1 . 8 1 9 
1 2 8 2 4 . 8 5 
2 6 6 6 
. 5 8 7 
1 2 8 2 4 . 8 5 
2 6 6 6 
. 7 3 2 
1 2 6 5 8 . 1 1 
3487 
1 . 6 8 0 
The 9 
1 0 7 1 1 5 . 1 2 
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. 7 4 9 
3 5 2 1 . 0 1 
1 4 8 2 
1 . 7 6 9 
3 5 4 9 . 6 5 
1 4 1 9 
. 5 8 4 
3 5 2 1 . 0 1 
1 4 8 2 
. 7 7 1 
5 7 3 6 . 9 5 
4 9 2 
1 . 6 6 1 
The 9 
The 1 1 
Time 




C o s t o f p r o d u c t i o n p r o g r a m ( d o l l a r s ) 
L o t s i z e a t s t a g e 1 ( u n i t s ) 
Computer t i m e ( s e c o n d s ) 
T a b l e 5 - B . D e t a i l e d R e s u l t s F o r M o d i f i e d M y o p i c P o l i c i e s 
T o t a l 
C o s t 
($) 
L o t S i z e a t 
S t a g e 1 
( U n i t s ) 
K 2 S K 4 K 5 K 6 K 7 K 8 K 9 Kio 
P r o b l e m 
1 1 1 5 1 2 . 6 0 5 8 7 8 2 1 5 2 1 5 2 1 5 
2 1 3 2 4 4 . 0 2 6 4 2 8 2 1 6 2 1 6 2 1 1 
3 1 0 6 5 8 . 3 3 2 7 0 2 1 3 1 1 3 1 1 3 1 
4 1 2 5 2 5 . 9 7 2 5 8 6 1 3 1 1 3 1 1 3 3 
5 3 5 4 5 . 6 5 1 4 1 9 1 1 1 1 1 1 1 1 1 
6 1 1 3 1 5 . 8 4 5 6 7 8 1 1 4 1 1 5 2 1 7 
7 1 3 3 4 3 . 9 6 6 2 1 8 1 1 4 2 1 6 2 1 1 
8 9 9 2 7 . 7 4 3 9 8 8 1 3 1 1 5 1 2 6 1 
9 1 2 8 2 4 . 8 5 2 6 6 6 1 2 1 1 3 1 1 4 4 
1 0 3 5 2 1 . 0 1 1 4 8 2 1 1 1 1 1 1 1 1 2 
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s u b s t a n t i a l v a r i a t i o n i n s e t up c o s t s . I n t h e o t h e r s i x p r o b l e m s , t h e 
r e s u l t s w e r e b e t t e r b u t n o t o p t i m a l . B r a n c h and Bound e x c e e d e d t h e t i m e 
l i m i t i n t h e f o u r p r o b l e m s t h a t c a u s e d t r o u b l e s i n S c h w a r z f s M e t h o d , b u t 
i n t h e o t h e r s i x c a s e s g a v e t h e b e s t s o l u t i o n w i t h a p p r o x i m a t e l y t w i c e 
t h e l o w e s t t i m e . M y o p i c P o l i c i e s o b t a i n s t h e b e s t s o l u t i o n o n l y o n c e , 
b u t t h e c o s t p e r f o r m a n c e i s v e r y g o o d and t i m e s i s e x c e l l e n t . M o d i f i e d 
M y o p i c P o l i c i e s w a s t h e b e s t f o r p r o b l e m s w h e r e B r a n c h and Bound d i d n o t 
o b t a i n a n y r e s u l t , and b e s t f o r two o t h e r p r o b l e m s . F i n a l l y , Dynamic P r o ­
gramming p r o c e d u r e y i e l d s somewhat b e t t e r s o l u t i o n s t h a n S c h w a r z ' s 
M e t h o d , b u t r e q u i r e s a b o u t t w i c e t h e c o m p u t a t i o n t i m e . 
T a b l e 5 - B s h o w s d e t a i l e d r e s u l t s f o r m o d i f i e d m y o p i c p o l i c i e s ; t h e 
f i r s t c o l u m n p r e s e n t s t h e t o t a l c o s t i n d o l l a r s ; s e c o n d , t h e l o t s i z e f o r 
s t a g e 1 i n u n i t s ; and t h e r e m a i n i n g c o l u m n s a r e k - f a c t o r s ( k n = D n Q i / Q n D i ) 
f o r s t a g e s a t l e v e l 1 . 
I n t h e f i r s t f i v e p r o b l e m s , demand i s k e p t c o n s t a n t f o r t h e n i n e 
f i n a l p r o d u c t s w h i l e t h e l a s t f i v e p r o b l e m s h a v e d i f f e r i n g r e q u i r e m e n t s . 
N o t e t h a t t h e a v e r a g e v a l u e o f t h e s e r e q u i r e m e n t s i s e x a c t l y t h e demand 
u s e d i n t h e f i r s t p r o b l e m s . 
By c o m p a r i n g p r o b l e m s w i t h e q u a l f i r s t l e v e l s t a g e demand w i t h 
t h o s e h a v i n g s i m i l a r c o s t s b u t d i f f e r i n g f i r s t l e v e l s t a g e d e m a n d s , ( 1 v s . 
6 , 2 v s . 7 , 3 v s . 8 , 4 v s . 9 , 5 v s . 1 0 ) , we o b s e r v e t h a t t h e l o t s i z e s a t 
s t a g e 1 do n o t v a r y s i g n i f i c a n t l y , b u t t h e l o t s i z e s o f l e v e l 1 s t a g e s d o . 
A c y c l i c S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
Up t o t h i s moment we h a v e a n a l y z e d s p e c i f i c t w o - l e v e l s t r u c t u r e s 
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o f t h e s e r i a l , p u r e a s s e m b l y ( a t m o s t o n e s u c c e s s o r s t a g e ) , and p u r e a r ­
b o r e s c e n c e ( a t m o s t o n e p r e d e c e s s o r s t a g e ) f o r m s . A more g e n e r a l s y s t e m , 
known a s t h e a c y c l i c s t r u c t u r e , a l l o w s any number o f s t a g e s a t a n y l e v e l 
( s e e F i g u r e 1 4 ) . 
1 L + l 
2 L+2 
D L + 1 
D L + 2 
L N 
L e v e l 2 * L e v e l 1 
F i g u r e 1 4 . A c y c l i c S t r u c t u r e 
I n t h i s s t r u c t u r e , t h e r e may o r may n o t b e a r e l a t i o n s h i p b e t w e e n 
g i v e n l e v e l 1 and l e v e l 2 s t a g e s . Any s t a g e a t any l e v e l m u s t h a v e a t 
l e a s t o n e r e l a t i o n w i t h a s t a g e o n t h e o p p o s i t e l e v e l . The s t a g e s o n 
l e v e l 1 p o s s e s s t h e i r own demand , and s t a g e s a t l e v e l 2 o b t a i n t h e i r 
a v e r a g e demand r a t e by t h e s u m m a t i o n o f a l l t h e demands a t l e v e l 1 s t a g e s 
t h a t p l a c e r e q u i r e m e n t s u p o n t h e m . 
The a s s u m p t i o n s made b e f o r e a r e a l s o a p p l i e d h e r e : t h e demand i s 
s t a t i c , t h e d e l i v e r i e s and p r o d u c t i o n a r e a s s u m e d t o b e i n s t a n t a n e o u s , 
and n o b a c k l o g g i n g i s a l l o w e d . 
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Then t h e o b j e c t i v e i s t o 
N 
m i n i m i z e I ( S ± D ± / Q ± + Q ^ / 2 ) ( 2 . 1 3 ) 
i = l 
The l i t e r a t u r e on m u l t i - s t a g e s y s t e m s w i t h c o n s t a n t demand i n ­
c l u d e s a s s e m b l y and a r b o r e s c e n c e s t r u c t u r e s , b u t n o t h i n g w a s f o u n d o n 
more g e n e r a l s t r u c t u r e s . 
A n a l y s i s 
C o n s i d e r e q u a t i o n ( 2 . 1 3 ) s u b j e c t t o t h e p o l i c y c o n s t r a i n t . 
Qi Q J 
— = k , t — k. , T > 1 , i n t e g e r 1 < i < L; L + l < J < N ( 2 . 1 4 ) 
Q i 
Q/D Time 
F i g u r e 1 5 . I n v e n t o r y M o d e l 
S i n c e Q/D i s t h e c y c l e t i m e , a s shown i n F i g u r e 1 5 , e q u a t i o n ( 2 . 1 4 ) 
c a n b e i n t e r p r e t e d a s : t h e c y c l e t i m e o n any s t a g e a t l e v e l 1 m u s t b e a n 
i n t e g e r m u l t i p l e o f e a c h o f i t s s u c c e s s o r s t a g e s ' c y c l e t i m e . 
L e t u s d e f i n e Q , c a s t h e o p t i m a l i n d i v i d u a l l o t s i z e , 
6 1 
c _ 2 8 ^ / ^ 
1 / 2 
( 2 . 1 5 ) 
and l e t t b e t h e c y c l e t i m e d e f i n e d a s Q/D. 
U s i n g t h e same a p p r o a c h a s i n a s s e m b l y and a r b o r e s c e n c e c a s e s , o p ­
t i m a l i n d i v i d u a l l o t s i z e s a r e u s e d t o d e t e r m i n e t h e b o u n d s o n c y c l e t i m e , 
c o n s i d e r 
t . = Lower c y c l e t i m e bound = MIN 
m i n 
t * Upper c y c l e t i m e bound = MAX 
max 
w h e r e 1 < 1 < N 
Then a s s u m i n g c o n s t r a i n t ( 2 . 1 4 ) , t h e o p t i m a l c o s t f o r a s t a g e l o c a t e d a t 
l e v e l 2 g i v e n a t c y c l e t i m e i s 
fn(V> = M I N 
k_ 
W + V DnV 2 
( 2 . 1 6 ) 
and f o r s t a g e s o n l e v e l 1 , t h e c o s t i s 
f n ( k n t ) = MIN 
k 
n 
+ tDnV2kn ( 2 . 1 7 ) 
O b s e r v e t h a t c y c l e t i m e f o r s t a g e s a t l e v e l 2 i s a m u l t i p l e o f t w h i l e 
f o r s t a g e s a t l e v e l 1 i s a d i v i s o r o f i t . Then t o t a l c o s t (T) f o r a g i v e n 
t i s a s f o l l o w s : 
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N 
T ( t ) = I f n ( k * t ) ( 2 . 1 8 ) 
n = l 
and t h e o p t i m a l c y c l e t i m e t w i l l b e t h e o n e w i t h minimum t o t a l c o s t 
[ T ( t ) ] f 
T* = T ( t * ) = minimum [ T ( t ) ] ( 2 . 1 9 ) 
t m i n l ^ m a x 
R e s u l t s 
A c o m p u t e r p r o g r a m w a s w r i t t e n (THE 1 5 ) t o a p p l y t h e a l g o r i t h m f o r 
s o l v i n g any k i n d o f a c y c l i c s t r u c t u r e i n two l e v e l s y s t e m s . The d a t a , a s 
f o r t h e o t h e r p r o g r a m s , a r e t h e s e t up c o s t s , i n v e n t o r y c a r r y i n g c o s t s 
and d e m a n d s ; b u t THE 15 a l s o r e q u i r e s a m a t r i x o f z e r o e s and o n e s w i t h L 
r o w s and (N-L) c o l u m n s t h a t c o r r e s p o n d t o t h e e x i s t e n c e o r n o n e x i s t e n c e 
o f t h e r e l a t i o n b e t w e e n a s t a g e o n l e v e l 1 and a s t a g e o n l e v e l 2 ( d e ­
n o t e d b y 1 and 0 r e s p e c t i v e l y ) . Program THE 15 i s i n A p p e n d i x B . 
A g a i n t e n p r o b l e m s w e r e s e l e c t e d t o t e s t t h e b e h a v i o r o f t h e a l ­
g o r i t h m , a l l o f them c o r r e s p o n d t o t h e s p e c i f i c s t r u c t u r e shown i n F i g u r e 
1 6 , w h e r e s t a g e 1 s u p p l i e s s t a g e s 3 and 4 , and s t a g e 2 s u p p l i e s s t a g e s 3 , 
4 , and 5 . 
1 
2 
F i g u r e 1 6 . A c y c l i c P r o b l e m 
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D a t a and r e s u l t s a r e p r e s e n t e d i n T a b l e 6 . To i n t e r p r e t t h e r e ­
s u l t s o b t a i n e d , we n o t e a l l t h a t v a r i a t i o n s among t h e p r o b l e m s a r e ( a ) a 
d e c r e m e n t o n t h e demand i n t h e l a s t f i v e p r o b l e m s , ( b ) c h a n g e s i n s e t up 
c o s t s , and ( c ) c h a n g e s i n I n v e n t o r y c a r r y i n g c o s t s . 
V a r i a t i o n ( a ) r e s u l t s g e n e r a l l y i n a n i n c r e a s e i n t h e c y c l e t i m e . 
T h i s i s e x p l a i n e d b y t h e r e l a t i o n t = Q/D, s o d e c r e a s i n g D i n c r e a s e s t . 
T h i s d o e s n o t h a p p e n a l w a y s , b e c a u s e o f t h e o p t i m a l t i n v o l v e s o t h e r f a c ­
t o r s b e s i d e s demand. To e x p l a i n t h e e f f e c t s o f ( a ) o n k v a l u e s l e t u s 
d e r i v e some f o r m u l a s . 
At l e v e l 2 , t h e c o s t a t s t a g e n i s 
f n ( k t ) = S n / k t + k t D n h n / 2 ( 2 . 2 0 ) 
M i n i m i z i n g f o r a g i v e n t , we o b t a i n 
k* = ( 2 S n / t 2 D n h n > 
1 / 2 
( 2 . 2 1 ) 
At l e v e l 1 , s t a g e n , 
f ( k t ) = S n k / t + tD h / 2 k 
n i i n 
( 2 . 2 2 ) 
A g a i n m i n i m i z i n g f o r a g i v e n t , 
k* = ( t 2 D h / 2 S J N n n n ( 2 . 2 3 ) 
T h e n , a t l e v e l 2 , k i n c r e a s e s a s D d e c r e a s e s , w h i l e a t l e v e l 1 t h e r e v e r s e 




P r o b l e m 
S h D S h D S h D S h D S h D 
S t a g e 
1 10 1 . 2 5 1 0 0 1 . 2 5 1 0 0 . 2 5 1 0 0 2 . 5 10 1 . 2 5 
2 1 0 0 1 . 2 5 1 0 0 0 1 . 2 5 1 0 0 2 . 5 1 0 0 25 15 1 . 2 5 
3 1 0 0 0 1 . 2 5 1 0 0 0 10 1 . 2 5 1 0 0 0 1 0 0 25 1 0 0 0 1 0 0 . 2 5 1 0 0 0 2 0 1 . 2 5 1 0 0 0 
4 1 0 1 . 2 5 1 0 0 0 1 0 0 1 . 2 5 1 0 0 0 1 0 0 . 2 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 25 1 . 2 5 1 0 0 0 
5 1 0 0 1 . 2 5 1 0 0 0 1 0 0 0 1 . 2 5 1 0 0 0 1 0 0 2 . 5 1 0 0 0 1 0 0 25 1 0 0 0 30 1 . 2 5 1 0 0 0 
S - S e t u p c o s t h - I n v e n t o r y c a r r y i n g c o s t ( d o l l a r s ) D - Demand ( u n i t s ) 
P r o b l e m 6 7 8 9 10 
S t a g e 
1 10 1 . 2 5 1 0 0 1 . 2 5 1 0 0 . 2 5 1 0 0 2 . 5 1 0 1*25 
2 1 0 0 1 . 2 5 1 0 0 0 1 . 2 5 1 0 0 2 . 5 1 0 0 25 15 1 . 2 5 
3 1 0 0 0 1 . 2 5 2 0 0 1 0 1 . 2 5 2 0 0 1 0 0 25 2 0 0 1 0 0 . 2 5 2 0 0 2 0 1 . 2 5 2 0 0 
4 10 1 . 2 5 4 0 0 1 0 0 1 . 2 5 4 0 0 1 0 0 . 2 5 4 0 0 1 0 0 2 . 5 4 0 0 25 1 . 2 5 4 0 0 
5 1 0 0 1 . 2 5 6 0 0 1 0 0 0 1 . 2 5 6 0 0 1 0 0 2 . 5 6 0 0 1 0 0 25 6 0 0 3 0 1 . 2 5 6 0 0 
T a b l e 6 . C o n t i n u e d 
P r o b l e m 1 2 LO
 
4 5 
T o t a l C o s t 4 7 6 9 . 4 8 6 2 8 8 . 2 4 5 0 4 3 . 7 5 1 0 8 5 9 . 0 8 1 4 1 4 . 2 2 
S t a g e 1 1 1 1 9 * 1619 1 5 0 0 5 4 4 2 8 2 
S t a g e 2 1 6 7 9 2 4 2 8 7 5 0 4 0 8 4 2 4 
S t a g e 3 5 6 0 1 3 5 83 1 3 6 1 4 1 
S t a g e 4 1 4 0 4 0 5 2 5 0 1 3 6 1 4 1 
S t a g e 5 5 6 0 809 2 5 0 68 1 4 1 
C y c l e Time . 5 5 9 7 . 8 0 9 4 . 2 5 . 1 3 5 9 . 1 4 1 2 
Computer Time 1 . 4 0 3 1 . 3 6 1 1 . 3 3 6 1 . 2 8 6 1 . 2 7 7 
* L o t s i z e ( u n i t s ) 
T a b l e 6 . C o n t i n u e d 
P r o b l e m 6 7 8 9 1 0 
T o t a l C o s t 2 8 4 4 . 7 2 3 9 3 9 . 5 0 2 8 7 0 . 7 5 7 3 2 9 . 4 6 8 6 7 . 2 1 
S t a g e 1 5 7 8 787 7 7 2 1 9 6 1 3 2 
S t a g e 2 1 1 5 6 1475 3 8 6 98 2 6 3 
S t a g e 3 1 9 3 6 1 16 1 6 4 4 
S t a g e 4 77 246 1 2 9 33 8 8 
S t a g e 5 2 8 9 7 3 6 1 9 3 4 9 1 3 2 
C y c l e Time . 9 6 3 3 3 3 1 . 2 2 8 8 3 3 . 3 2 1 5 0 0 . 0 8 1 6 6 7 . 2 1 9 1 6 7 
Computer Time 1 . 3 2 4 1 . 3 2 7 1 . 2 7 2 1 . 3 3 5 1 . 3 3 
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i s t r u e . E q u a t i o n s ( 2 . 2 0 ) - ( 2 . 2 3 ) a l s o show t h a t demand i s d i r e c t l y 
p r o p o r t i o n a l t o t h e c o s t . T h e n , t h e l o w e r t h e demand , t h e l o w e r t h e c o s t 
o f t h e s y s t e m . 
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CHAPTER I I I 
TIME VARYING DEMAND CASE 
I n t h i s c h a p t e r , we c o n s i d e r t h e c a s e w h e r e t h e e x t e r n a l r e q u i r e ­
m e n t s i m p o s e d o n f i r s t l e v e l s t a g e s v a r y o v e r t i m e . I n s t e a d o f t h e c o n ­
t i n u o u s r e v i e w , i n f i n i t e h o r i z o n a n a l y s i s u s e d t o t r e a t t h e s t a t i o n a r y 
demand p r o c e s s e s o f t h e p r e v i o u s c h a p t e r , we now a s s u m e a f i n i t e p l a n n i n g 
h o r i z o n , d i v i d e d i n t o M p e r i o d s . E x t e r n a l r e q u i r e m e n t s i n e a c h p e r i o d 
a r e a s s u m e d t o b e known. A l l u n i t s s c h e d u l e d f o r p r o d u c t i o n a t a s t a g e 
i n a p e r i o d a r e a s s u m e d t o b e p r o d u c e d a s a s i n g l e l o t . The p r o b l e m i s 
t o c h o o s e t h e l o t s i z e s a t e a c h s t a g e i n e a c h p e r i o d t o m e e t t h e r e q u i r e ­
m e n t s w i t h t h e l e a s t t o t a l c o s t f o r p r o d u c t i o n and i n v e n t o r y o v e r t h e 
p l a n n i n g h o r i z o n . The s e r i e s , a s s e m b l y , a r b o r e s c e n c e , and a c y c l i c s t r u c ­
t u r e s a r e a n a l y z e d i n t h e f o l l o w i n g s e c t i o n s . 
S e r i e s S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
The t w o - s t a g e s e r i e s s y s t e m i s i l l u s t r a t e d i n F i g u r e 1 7 . As i n 
t h e p r e v i o u s c h a p t e r , i t i s c o n v e n i e n t t o t h i n k o f s t a g e 1 a s t h e raw 
m a t e r i a l i n v e n t o r y and s t a g e 2 a s t h e p r o d u c t i o n p r o c e s s and t h e f i n i s h e d 
g o o d s i n v e n t o r y . B a c k l o g g i n g i s n o t a l l o w e d . P r o d u c t i o n i s a s s u m e d t o 
b e i n s t a n t a n e o u s ( t h e p r e s e n c e o f a f i n i t e p r o d u c t i o n l e a d t i m e w i l l n o t 
a f f e c t t h e l o t s i z e d e c i s i o n s ) . The t i m e d i m e n s i o n i l l u s t r a t e s t h a t i n 
a d d i t i o n t o c o n s i d e r i n g t h e f l o w o f m a t e r i a l f r o m o n e s t a g e t o t h e n e x t 
w i t h i n a p e r i o d , we a l s o m u s t c o n c e i v e o f f l o w o f m a t e r i a l f r o m o n e t i m e 
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p e r i o d t o t h e n e x t a t a g i v e n s t a g e . The l a t t e r i s t h e i n v e n t o r y c a r r i e d 
f o r w a r d . T h u s , t h e r e q u i r e m e n t s p l a c e d o n an i n v e n t o r y a t a s t a g e i n a 
g i v e n p e r i o d c a n b e s a t i s f i e d b y a c o m b i n a t i o n o f two s o u r c e s : ( 1 ) p r o ­
d u c t i o n ( s t a g e 2 ) o r p r o c u r e m e n t ( s t a g e 1 ) i n t h a t p e r i o d , and ( 2 ) i n v e n ­
t o r y b r o u g h t f o r w a r d f rom t h e p r e v i o u s p e r i o d . 
L e v e l 2 L e v e l 1 
F i g u r e 1 7 . Dynamic S e r i e s S t r u c t u r e 
L e t Q n ^ b e t h e q u a n t i t y p r o d u c e d a t s t a g e n i n p e r i o d i and d e f i n e 
I t o b e t h e i n v e n t o r y a t t h e end o f p e r i o d i a t s t a g e n . The p r o d u c t i o n 
o r p r o c u r e m e n t c o s t o f a l o t s i z e Q n ^ a t s t a g e n i n p e r i o d i i s a s s u m e d t o 
h a v e t h e f i x e d c h a r g e f o r m : 
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p n i ( Q n i ) = S ( Q n i ) S n i + c n i Q n i ( 3 . 1 ) 
w h e r e 
6 ( Q ) = 
1 , i f Q > 0 
0 , i f Q = 0 
I n v e n t o r y h o l d i n g c o s t s i n a p e r i o d a r e p r o p o r t i o n a l t o t h e e n d i n g i n v e n ­
t o r y l e v e l ; t h a t i s , 
î̂ ni) " Niî i ( 3 . 2 ) 
w h e r e h n ^ i s t h e c o s t t o c a r r y o n e u n i t i n i n v e n t o r y a t s t a g e n f rom 
p e r i o d i t o i + 1 . The o b j e c t i v e f u n c t i o n t o b e m i n i m i z e d b y t h e c h o i c e o f 
l o t s i z e s i s 
2 M 2 M 
T = I I [$(Qni)Sni + cniQni] + I I h n i I n ± n=l i=l n=l i=l 
( 3 . 3 ) 
w h e r e , i f D. i s t h e e x t e r n a l demand o n s t a g e 2 i n p e r i o d i , 
I 2 i ~ I 2 , i - 1 + Q 2 i " D i 
( t h e f i n i s h e d g o o d s i n v e n t o r y b a l a n c e e q u a t i o n f o r p e r i o d i ) , and 
( 3 . 5 ) 
7 1 
( t h e raw m a t e r i a l i n v e n t o r y b a l a n c e e q u a t i o n f o r p e r i o d i ) . 
L i t e r a t u r e S u r v e y and R e s u l t s 
Z a n g w i l l [ 2 9 ] [ 3 0 ] a n a l y z e s t h e m u l t i - s t a g e s e r i e s s y s t e m w i t h d y ­
n a m i c demand and p r o v e s t h a t , i f p r o d u c t i o n and i n v e n t o r y c o s t s a r e e a c h 
c o n c a v e , t h e r e i s a n o p t i m a l s o l u t i o n h a v i n g t h e p r o p e r t y t h a t I n 
^ n i = 0 ' ^ o r * a n ( * n ' t n e n p r o p o s e s a n a l g o r i t h m b a s e d o n d y n a m i c 
p r o g r a m m i n g , w i t h s i m p l i f i c a t i o n s r e s u l t i n g f r o m h i s c h a r a c t e r i z a t i o n o f 
t h e o p t i m a l s o l u t i o n . L o v e [ 1 6 ] a l s o c o n s i d e r s t h e s e r i e s c a s e and o b t a i n s 
a d d i t i o n a l r e s u l t s d e f i n i n g a c l a s s o f s o l u t i o n s c o n t a i n i n g a n o p t i m a l o n e . 
H i s m o s t i m p o r t a n t r e s u l t i s t h a t Q n + 2 . i m p l i e s Q n £ = 0 , i f c o s t s a r e 
c o n c a v e and i n v e n t o r y c o s t s a r e n o n - d e c r e a s i n g i n n . A p p l i e d t o a t w o -
s t a g e s y s t e m , t h i s " n e s t e d " p r o p e r t y i m p l i e s t h a t no raw m a t e r i a l l o t s 
a r e s c h e d u l e d f o r d e l i v e r y i n p e r i o d s w h e n t h e r e i s n o p r o d u c t i o n . J o h n ­
s o n and Montgomery [ 1 1 ] g i v e a d i s c u s s i o n o f Z a n g w i l l ' s a l g o r i t h m and a 
n u m e r i c a l e x a m p l e i l l u s t r a t i n g i t s a p p l i c a t i o n f o r a t h r e e - s t a g e s y s t e m . 
H o w e v e r , t h e l i t e r a t u r e c o n t a i n s no t r u e c o m p u t a t i o n a l r e s u l t s and t h e 
m e t h o d o l o g y i s n o t w e l l - k n o w n . 
A n a l y s i s 
T h i s s e c t i o n p r e s e n t s t h e d y n a m i c p r o g r a m m i n g a l g o r i t h m o f Z a n g w i l l 
{ 3 0 ] , a d a p t e d s p e c i f i c a l l y t o t h e two l e v e l s e r i e s s y s t e m . He c o n s i d e r e d 
t h e g e n e r a l s e r i e s s t r u c t u r e w i t h c o n c a v e p r o d u c t i o n c o s t f u n c t i o n s , 
P n i ^ n i ^ ' a n c * c o n c a v e i n v e n t o r y h o l d i n g c o s t f u n c t i o n s , H n £ ( I n ^ ) . No b a c k -
l o g g i n g i s p e r m i t t e d . Z a n g w i l l ' s m o d e l f o r t h e c a s e o f two l e v e l s i s t h e 
f o l l o w i n g : 
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M 2 
min im i ze J J [ P n i ( Q n i > + V l t t n i ) ] ( 3 . 6 ) 
i = l n = l 
s u b j e c t t o , f o r i = 1 , 2 M and n = 1 , 2 , 
^ i - l + Q l f i - \i + Q 2 , i < 3 ' 7 > 
^ i - l + Q 2 , i - X 2 , i + D i ( 3 . 8 ) 
^ i l 0 * Q n i > ° ( 3 . 9 ) 
• n , 0 ^ M ( 3 . 1 0 ) 
Z a n g w i l l o b s e r v e d t h a t t h i s i s t h e f o r m u l a t i o n o f t h e p r o b l e m o f 
f i n d i n g t h e l e a s t c o s t f l o w i n a n e t w o r k c o n s i s t i n g o f a s i n g l e s o u r c e 
n o t e , M t r a n s h i p m e n t n o d e s ( r e p r e s e n t i n g s t a g e 1 i n e a c h o f t h e n p e r i o d s ) 
and M t r a n s h i p m e n t - s i n k n o d e s ( r e p r e s e n t i n g s t a g e 2 ) . The n e t w o r k a n a l o g y 
i s s h o w n i n F i g u r e 1 8 . N o t e t h a t t h e f l o w s r e p r e s e n t e i t h e r p r o d u c t i o n , 
i n v e n t o r y , o r demand. T h e r e i s a c o s t a s s o c i a t e d w i t h e a c h p r o d u c t i o n and 
i n v e n t o r y f l o w , and Z a n g w i l l a s s u m e s t h a t t h e c o s t i s a c o n c a v e f u n c t i o n 
o f t h e amount o f f l o w . He u s e s t h e f a c t t h a t f o r a s t a t i c , s i n g l e s o u r c e , 
c o n c a v e c o s t n e t w o r k f l o w p r o b l e m , t h e r e i s a n o p t i m a l s o l u t i o n t h a t i s a n 
e x t r e m e f l o w . An e x t r e m e f l o w h a s t h e p r o p e r t y t h a t f l o w i n t o any n o d e 
w i l l come f rom a t m o s t o n e a r c . P r a c t i c a l l y t h i s means t h a t I n i„]_Qn-[_ = 0 , 
f o r a l l n o d e s ( n , i ) . Making u s e o f t h i s p r o p e r t y c h a r a c t e r i z i n g a n e x t r e m e 
f l o w , a n a l g o r i t h m c a n b e d e v e l o p e d t o e f f i c i e n t l y f i n d t h e o p t i m a l e x t r e m e 
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f l o w and t h i s s o l u t i o n w i l l b e a n o p t i m a l s o l u t i o n t o t h e p r o b l e m ( 3 . 6 ) -
( 3 . 1 0 ) . The i m p l i c a t i o n s o f t h e e x t r e m e f l o w p r o p e r t y f o r t h e t w o - l e v e l 
s y s t e m a r e d i s c u s s e d i n t h e f o l l o w i n g p a r a g r a p h s . 
# ( 1 ,M) s t a g e 1 
s t a g e 2 
P e r i o d 1 P e r i o d 2 P e r i o d 3 
F i g u r e 1 8 . N e t w o r k R e p r e s e n t a t i o n 
The f l o w i n t o any n o d e ( l , i ) i s r e s t r i c t e d t o e i t h e r 0 o r 
£ 
( 3 . 1 1 ) 
f o r some i<a<B<M. I n o t h e r w o r d s , t h e amount o f f l o w i n t o n o d e ( 1 , 1 ) i s 0 
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o r t h e e x a c t r e q u i r e m e n t s f o r p e r i o d s a , a + l , . . , , 3 , i£oc£3£M. A s s u m i n g 
D-^X), we m u s t p r o d u c e a t s t a g e 1 a t l e a s t u n i t s i n p e r i o d 1 ; t h e r e f o r e 
i = l i m p l i e s a = l . S i m i l a r l y f o r s t a g e 2 , we h a v e t h e f l o w i n t o a n y n o d e 
( 2 , i ) r e s t r i c t e d t o o n e o f t h e f o l l o w i n g v a l u e s 
3 
I D L ( 3 . 1 2 ) 
L = i 
w h e r e i<3<M. N o t e t h a t t h e s t a g e 2 i n v e n t o r y i s r e s t r i c t e d t o o n e o f t h e 
f o l l o w i n g v a l u e s : 
3 
0 o r I D_ , i<3<M 
L = i + 1 L 
7 3 
I f t h e f l o w i n t o n o d e ( 1 , 1 ) i s I L = a D^ , f o r some i < a < 3 < t , we h a v e 
t h e f o l l o w i n g : 
( a ) I f a = i , t h e r e I s a n i n t e g e r y , 1 <_ y < 3 , s u c h t h a t 
I i 
) = I D , and I = I D L ( 3 . 1 3 ) 
L = l ' L=Y+1 
( b ) I f a > i , 
3 
Q 2 i = 0 , and I± ± = I D L 
L=a 
( 3 . 1 4 ) 
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A d y n a m i c programming a l g o r i t h m f o r c a l c u l a t i n g t h e o p t i m a l f l o w 
w i l l now b e d e v e l o p e d . S u p p o s e t h e f l o w i n t o a f i r s t - s t a g e n o d e ( l , i ) i s 
r 3 
2 ,L_ AD L and d e f i n e ^ ( a , B ) a s t h e o p t i m a l c o s t o f s h i p p i n g t h e s e u n i t s 
f r o m n o d e ( l , i ) t o t h e i r d e s t i n a t i o n n o d e s ( 2 , a ) , ( 2 , a + l ) , . . . , ( 2 , $ ) . The 
d e c i s i o n a t n o d e ( l , i ) i s t o d i v i d e i n t h e f l o w i n t o two p a r t s , t h e p r o ­
d u c t i o n a t s t a g e 2 i n p e r i o d i , a n a " t n e i n v e n t o r y c a r r i e d t o t h e n e x t 
p e r i o d , ^ . I f o t= i , we m u s t s e l e c t t h e o p t i m a l y i n ( 3 , 1 3 ) , and i f a > i , 
( 3 . 1 4 ) h o l d s . Thus we h a v e t h e f o l l o w i n g r e c u r s i o n s : 
C l , i ( a ' f 3 ) = 
m i n 3 L . 3 
( 3 . 1 5 ) p 2 i < I D L > + H 1 i < I D L> + C 2 i ^ . Y K G , i + 1 ( Y + l , B ) 
' L = i 1 , 1 L=Y+1 ' ' 
i f i = a < 3 < M 
3 . 
Hl i < I V + C l i+ i ( a , 3 ) , i f i < a < 3 < M 
' L=a ' 
w h e r e C 9 . ( i , 3 ) i s t h e c o s t o f a l l o c a t i n g a f l o w o f Z L = 1 D L u n i t s i n t o n o d e 
^ » l 
( 2 , i ) t o s a t i s f y t h e r e q u i r e m e n t s i n p e r i o d s i , i + l , . . . , 3 . We h a v e 
: ( i , 3 ) = H ( I D l ) + c 2 i + 1 ( i + i 
Z > 1 , X L= i+1 
, 3 ) ( 3 . 1 6 ) 
We n e x t a l l o c a t e t h e f l o w i n t o t h e s o u r c e n o d e i n a n o p t i m a l m a n n e r . 
T h i s i s e q u i v a l e n t t o m a k i n g d e c i s i o n s a b o u t w h a t t o p r o d u c e a t t h e f i r s t 
s t a g e i n e a c h p e r i o d . L e t C Q ^(a,M) b e t h e minimum c o s t o f s h i p p i n g Z L = a D L 
u n i t s f rom t h e s o u r c e t o s a t i s f y r e q u i r e m e n t s a t n o d e s ( 2 , a ) , ( 2 , a + l ) , . . . , 
( 2 , M ) . I f a = l , we m u s t p r o d u c e i n p e r i o d i ; o t h e r w i s e Q i ^ i m i g h t b e z e r o . 
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I f we p r o d u c e i n p e r i o d i , t h e q u a n t i t y c a n b e d e s c r i b e d by a n i n t e g e r 
a<y< M, s i n c e Qi ± = I D L . T h e r e a r e t h r e e e q u a t i o n s d e f i n i n g C n . ( a , M ) : 
L=a u , x 
I f i < a < M , 
C Q ± ( a , M ) = min 
mm 
Y 
a<y<M P ( I D L ) + C± ± ( a , Y ) + C n (y+1 
' L = a 
,M) 
( 3 . 1 7 ) 
C 0 > i + 1 ( ,M) 
I f i = a<M, 
C 0 ) . ( i , M ) m i n 
a<y<M 
Y 
\9±( I D L ) + C l f l < a , Y ) + C Q + 1 ( Y + 1 
L = a 
,M) ( 3 . 1 8 ) 
I f i = a = M, 
C 0 , M ( M ' M ) = P 1 , M ( D M > + C 1 , M ( D M > ( 3 . 1 9 ) 
The a l g o r i t h m i n i t i a l l y c a l c u l a t e s t h e C 9 . ( i , 3 ) u s i n g ( 3 . 1 6 ) , t h e n 
t h e C x ± ( a , B ) u s i n g ( 3 . 1 5 ) , and f i n a l l y t h e C 0 y i ( a , M ) u s i n g ( 3 . 1 7 ) , ( 3 . 1 8 ) , 
and ( 3 . 1 9 ) . The minimum c o s t i s g i v e n b y C n ( 1 , M ) . 
u, I 
R e s u l t s 
A c o m p u t e r p r o g r a m (THE 1 6 ) was w r i t t e n f o r t h e a l g o r i t h m u s i n g t h e 
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f i x e d c h a r g e p r o d u c t i o n c o s t f o rm and p r o p o r t i o n a l i n v e n t o r y h o l d i n g c o s t s . 
( S e e E q u a t i o n s 3 . 1 and 3 . 2 . ) To s i m p l i f y t h e a n a l y s i s , t h e c o s t c o e f f i c i e n t s 
w e r e a s s u m e d t o b e s t a t i o n a r y i n t i m e . T h i s m e a n t t h a t t h e v a r i a b l e p r o ­
d u c t i o n c o s t w o u l d b e i n d e p e n d e n t o f t h e l o t s i z e p o l i c i e s and c o u l d b e 
i g n o r e d . 
T h e r e r e m a i n e d t h r e e i n t e r e s t i n g p a r a m e t e r s e t s t o a n a l y z e i n t h i s 
p r o b l e m : s e t up c o s t , i n v e n t o r y c a r r y i n g c o s t , and demand. N i n e p r o b l e m s , 
e a c h w i t h M=5, w e r e u s e d t o u n d e r s t a n d t h e b e h a v i o r o f t h e t h r e e v a r i a b l e s 
( T a b l e 7 ) , The f i r s t t h r e e p r o b l e m s v a r y o n l y t h e s e t up c o s t s w h i c h i n ­
c r e a s e f r o m 5 0 t o 1 5 0 . At e a c h s t a g e t h e r e s u l t s shown i n T a b l e 8 i n d i c a t e d 
t h e e x p e c t e d t e n d e n c y t o i n c r e a s e t h e l o t s i z e and k e e p u n i t s o n i n v e n t o r y 
r a t h e r t o p r o d u c e a t e a c h p e r i o d o f t i m e . The s e c o n d s e t o f p r o b l e m s ( 4 - 6 ) 
h a v e v a r i a t i o n o n l y i n t h e i n v e n t o r y c a r r y i n g c o s t s , f rom . 0 5 t o . 1 5 . I t 
c a n b e o b s e r v e d t h a t t h e g r e a t e r t h e i n v e n t o r y c a r r y i n g c o s t s , t h e g r e a t e r 
t h e t e n d e n c y t o p r o d u c e i n e a c h o f t h e p e r i o d s r a t h e r t h a n m a i n t a i n s t o c k s . 
F i n a l l y t h e l a s t t h r e e p r o b l e m s h a v e t i m e v a r y i n g demand a t i n c r e a s i n g l y 
h i g h e r l e v e l s . As i t w a s e x p e c t e d t h e e f f e c t s a r e t h e same a s when t h e 
i n v e n t o r y c o s t s w e r e i n c r e a s e d . T h i s i s b e c a u s e t h e s e t up c o s t s a r e n o t 
a l t e r e d w i t h t h e v a r i a t i o n o n t h e demand, w h i l e t h e i n v e n t o r y c a r r y i n g 
c o s t s a r e ; t h e g r e a t e r t h e demand, t h e g r e a t e r amount o f u n i t s t h a t h a v e t o 
b e c a r r i e d , and c o n s e q u e n t l y t h e g r e a t e r t h e i n v e n t o r y c o s t s . 
A s s e m b l y S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
Now t h a t t h e i d e a o f t i m e v a r y i n g demand h a s b e e n d e v e l o p e d , i t i s 
n o t d i f f i c u l t t o e x t e n d t h e m o d e l o f C h a p t e r I I , P a r t B , t o t h i s c o n d i t i o n . 
T a b l e 7 . P r o b l e m s F o r S e r i e s S t r u c t u r e 
S t a g e 1 S t a g e 2 S t a g e 1 S t a g e 2 S t a g e 1 S t a g e 2 S t a g e 1 S t a e e 2 
P r o b l em 1 P r o b l e m 2 P r o b l e m 3 P r o b l e m 4 
S e t Up 5 0 * 5 0 1 0 0 1 0 0 1 5 0 1 5 0 1 0 0 1 0 0 
I n v e n t o r y . 1 0 * . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0 5 . 0 5 
Demand 1 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
Demand 2 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
Demand 3 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
Demand 4 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
Demand 5 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
* D o l i a r s 
Demand i = Demand a t P e r i o d i 
T a b l e 7 . C o n t i n u e d 
S t a g e 1 S t a g e 2 S t a g e 1 ! S t a g e 2 S t a g e 1 S t a g e 2 S t a g e 1 S t a g e 2 
P r o b l e m 5 P r o b ] .em 6 
« i — 
P r o b l e m 7 P r o b l em 8 
S e t Up 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 2 0 0 1 0 0 2 0 0 
I n v e n t o r y . 1 0 . 1 0 , 1 5 . 1 5 . 1 0 . 2 0 . 1 0 . 2 0 
Demand 1 1 0 0 0 1 0 0 0 2 0 0 4 0 0 
Demand 2 1 0 0 0 1 0 0 0 4 0 0 8 0 0 
Demand 3 1 0 0 0 1 0 0 0 6 0 0 1 2 0 0 
Demand 4 1 0 0 0 1 0 0 0 8 0 0 1 6 0 0 
Demand 5 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 
P r o b l e m 9 
S e t Up 1 0 0 2 0 0 
I n v e n t o r y . 1 0 . 2 0 
Demand 1 8 0 0 
Demand 2 1 6 0 0 
Demand 3 2 4 0 0 
Demand 4 3 2 0 0 
Demand 5 4 0 0 0 
T a b l e 8 . P r o d u c t i o n S c h e d u l e I n S e r i e s S t r u c t u r e , Time V a r y i n g Demand 
P r o b l e m 1 P r o b l e m 2 





P e r i o d 
1 1 0 0 0 * 1 0 0 0 1 0 0 0 1 0 0 0 
2 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
3 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
4 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
5 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
* P r o d u c t i o n u n i t s 




1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
P r o b l e m 4 
2 0 0 0 
2 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
P r o b l e m 5 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
P r o b l e m 6 P r o b l e m 7 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
6 0 0 
1 4 0 0 
1 0 0 0 
2 0 0 
4 0 0 
6 0 0 
8 0 0 
1 0 0 0 
P r o b l e m 8 P r o b l e m 9 
S t a g e 1 
CM
 1 2 
P e r i o d 
1 1 2 0 0 4 0 0 8 0 0 8 0 0 
CM
 - 8 0 0 1 6 0 0 1 6 0 0 
3 1 2 0 0 1 2 0 0 2 4 0 0 2 4 0 0 
4 1 6 0 0 1 6 0 0 3 2 0 0 3 2 0 0 
5 2 0 0 0 2 0 0 0 4 0 0 0 4 0 0 0 
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The p r o b l e m w i l l b e t o o b t a i n a p r o d u c t i o n p r o g r a m f o r a l l s t a g e s o v e r a n 
M - p e r i o d h o r i z o n . The i d e a o f F i g u r e 19 i s a n a s s e m b l y s t r u c t u r e d i s p l a c e d 
t h r o u g h t h e t i m e ; i n o t h e r w o r d s , we a r e a d d i n g o n e d i m e n s i o n t o o u r o l d 
p r o b l e m . S t a g e s a t l e v e l 2 ( 1 t o N - 1 ) a r e c o n s i d e r e d i n d e p e n d e n t among 
P r o c e s s 
F i g u r e 1 9 . Dynamic A s s e m b l y S t r u c t u r e 
t h e m s e l v e s , and e a c h o n e c a n r e c e i v e m a t e r i a l f r o m two s o u r c e s . The f i r s t 
o n e c o r r e s p o n d s t o t h e s u p p l i e r s and t h e s e c o n d o n e i s m e r e l y t h e same 
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s t a g e b u t d i s p l a c e d o n e p e r i o d o f t i m e e a r l i e r . O b v i o u s l y t h e r e a r e two 
a l t e r n a t i v e s , n o n - e x c l u s i v e f o r d i s p o s i t i o n o f t h e o u t p u t . They a r e t o 
s e n d m a t e r i a l t o s t a g e N i n t h e same p e r i o d i and t o k e e p m a t e r i a l i n i n ­
v e n t o r y u n t i l t h e n e x t p e r i o d . 
S t a g e N h a s two p o s s i b l e e x c l u s i v e i n p u t s , t h e f i r s t i s t h e N - 1 
d e l i v e r i e s f r o m s t a g e s a t l e v e l 2 , and t h e s e c o n d i s i n v e n t o r y f rom t h e 
same s t a g e N , b u t f rom p e r i o d i - 1 . L o g i c a l l y s t a g e N h a s two p o s s i b l e 
o u t p u t s t o s u p p l y t h e demand o f p e r i o d i and o p t i o n a l l y , s t o r e f i n a l p r o ­
d u c t t o s a t i s f y f u r t h e r d e m a n d s . 
C o s t s , a s i n p r e v i o u s c a s e s , a r e c o n c a v e and c o m p o s e d o f s e t up 
c o s t s , w h i c h a r e i n c u r r e d j u s t i f a new o r d e r o r p r o d u c t i o n t a k e s p l a c e 
o n t h e p e r i o d i , i n v e n t o r y h o l d i n g c o s t s , w h i c h a r e p r o p o r t i o n a l t o t h e 
u n i t s c a r r i e d a t t h e end o f t h e p e r i o d . 
M a t h e m a t i c a l l y t h e p r o b l e m c a n b e e x p r e s s e d a s 
N M N M 
m i n i m i z e T = J I < 5 ( Q n l ) S + J I V n i ( 3 ' 2 0 ) 
n = l 1=1 n = l 1=1 
s u b j e c t t o : 1^ + + Qn>± - QN>1 n = 1 , 2 , . . . N - 1 
i = 1 , 2 , . . . M 
( 3 . 2 1 ) 
I if Q > 0 
0 if Q = 0 
Qn , > 0 n = 1 , . . . , N 
cS(Q) -
I n > i > 0 i = 1 , 2 , . . . M 
w h i c h i s t h e m i n i m i z a t i o n o f a l l t h e c o s t s i n c u r r e d a t t h e N s t a g e s d u r i n g 
t h e M p e r i o d s o f t i m e . S n and h n r e p r e s e n t t h e s e t up c o s t and c a r r y i n g 
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i n v e n t o r y c o s t r e s p e c t i v e l y . I t i s a s s u m e d t h a t t h e s e v a l u e s do n o t c h a n g e 
t h r o u g h t h e t i m e . 
L i t e r a t u r e S u r v e y and R e s u l t s 
The a s s e m b l y s t r u c t u r e w i t h t i m e v a r y i n g demands h a s b e e n c o n s i d e r e d 
b y C r o w s t o n and Wagner [ 7 ] w h o , u s i n g a n a p p r o a c h s u g g e s t e d b y L o v e [ 1 6 ] , 
e x t e n d e d h i s r e s u l t s t o t h e a s s e m b l y p r o b l e m , and p r o p o s e d two a l g o r i t h m s . 
The f i r s t o n e i s a d y n a m i c p r o g r a m m i n g a p p r o a c h w h o s e s o l u t i o n t i m e i s 
l i n e a r w i t h t h e number o f s t a g e s , b u t e x p o n e n t i a l w i t h t h e number o f t i m e 
p e r i o d s . The s e c o n d i s a b r a n c h and bound a l g o r i t h m . Though t h e a u t h o r s 
r e f e r t o c o m p u t e r e x p e r i e n c e , t h e y do n o t g i v e a n y r e s u l t s . 
A n a l y s i s . 
B e t w e e n t h e two a l g o r i t h m s p r o p o s e d b y C r o w s t o n and W a g n e r , t h e d y ­
n a m i c programming a p p r o a c h w a s s e l e c t e d t o b e d e v e l o p e d i n t h e p r e s e n t 
a n a l y s i s , b u t i n i t i a l l y l e t u s c o n s i d e r t h e fo rm o f t h e o p t i m a l s o l u t i o n . 
V e i n o t t [ 2 6 ] s h o w s t h a t a t l e a s t o n e o p t i m a l s o l u t i o n i s a n e x t r e m e 
f l o w , t h a t i s 
L o v e [ 1 6 ] p r o v e s t h e a d d i t i o n a l " n e s t e d " p r o p e r t y f o r t h e f a c i l i t i e s 
i n s e r i e s c a s e : 
Vi-l Qn,i = 0 1 - 1 . 2 . . . . M n = l , . . . , N 
( 3 . 2 2 ) 
Q n ± > 0 i m p l i e s Q N > i > 0 f o r i = 1 , . . . M ( 3 . 2 3 ) 
n = 1 , 2 , . . N 
u n d e r t h e c o n d i t i o n s t h a t : 
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( 1 ) t h e s y s t e m i s a p u r e s e r i e s s y s t e m , 
( 2 ) p r o d u c t i o n c o s t s a r e n o n - i n c r e a s i n g i n t i m e , 
C n ± ( Q ) < C ^ i ^ C Q ) f o r n - 1 N ( 3 . 2 4 ) 
i = 2 , . . . , M 
( 3 ) i n s t a l l a t i o n i n v e n t o r y h o l d i n g c o s t s a r e n o n - d e c r e a s i n g o v e r 
s t a g e s 
h n i > K i f o r m e b ( n ) , ( 3 - 2 5 > n , i - t b , i n = l s 2 , . . . , N 
i = 1 , . . . , M 
C r o w s t o n and Wagner a t t h i s p o i n t add t h e f o l l o w i n g a s s u m p t i o n f o r a s s e m b l y 
s y s t e m s . 
h n i > I m e b W ^ i - n " L - . - . S , 1 = 1 M ( 3 . 2 6 ) 
N o t e t h a t ( 3 . 2 6 ) r e f e r s t o i n s t a l l a t i o n i n v e n t o r y c a r r y i n g c o s t r a t e s . 
F o r e c h e l o n i n v e n t o r y ( 3 . 2 6 ) i m p l i e s 
h n i " h n i " L e M t O ^ i h 0 <3-27> 
L e t u s now i n t r o d u c e t h e a l g o r i t h m : 
L e t II = (IIj , I l 2 , . . . , I I M ) b e a v e c t o r o f l ' s and O ' s . We i n t e r p r e t n 
a s a p r o d u c t i o n p r o f i l e v e c t o r , s u c h t h a t i f t h e p r o f i l e n i s c h o s e n f o r 
s t a g e n 
Q - o i f n = 0 
x n , i i 
( 3 . 2 8 ) 
Vi > 0 i f n ± = 1 
Then a c c o r d i n g w i t h t h e o p t i m a l s o l u t i o n form 
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V i = 0 « n4 - o 
Q n > 1 = D ± i f H ± = 1 and = 1 ( 3 . 2 9 ) 
Q n , i = D i + D i + 1 " " i = 1 ' " i + l = ° ' a n d " i + 2 = 1 
and i n g e n e r a l , 
1 
Q n > i = I D t i f n ± = 1 , n t = 0 f o r t = i + l , . . . , i " and n j + 1 = 1 
L e t u s d e n o t e t h e t o t a l p r o d u c t i o n c o s t a s s o c i a t e d w i t h t h e c h o i c e o f p r o ­
d u c t i o n p r o f i l e f o r s t a g e n by C n ( I T ) . Thus 
M 
C n ( I T ) = i - 1 ( 3 , 3 0 ) 
and t h e i n v e n t o r y w o u l d b e 
V i I ( Q n > t - D t ) ( 3 . 3 1 ) t = l 
w i t h a t o t a l c a r r y i n g i n v e n t o r y c o s t f o r s t a g e n 
M 
Vn> " J V i V i ( 3 - 3 2 ) 
U s i n g t h e n e s t e d s c h e d u l e s p r o p e r t y , l e t N(II) b e t h e s e t o f p r o d u c t i o n p r o ­
f i l e s w h i c h " n e s t " II, t h a t i s , 
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ITE N(TT) i f and o n l y i f IT. - I I ' > 0; i = 1 ,2 , . . . ,M ( 3 . 3 3 ) 
Theorem 1 g i v e n i n ( 7 ) and p r o v e d i n ( 8 ) s p e c i f i e s t h a t i f II i s c h o s e n f o r 
s t a g e n , t h e p r o d u c t i o n p r o f i l e f o r e a c h o f t h e i m m e d i a t e p r e d e c e s s o r s o f 
s t a g e n m u s t b e a n e l e m e n t o f N(II) . 
L e t f n ( H ) b e t h e minimum t o t a l c o s t f r o m s t a g e s 1 t h r o u g h n o f u s i n g 
p r o d u c t i o n p r o f i l e II a t s t a g e n g i v e n t h a t II i s c h o s e n f o r s t a g e n and 
g i v e n o p t i m a l c h o i c e o f p r o d u c t i o n p r o f i l e s f o r a l l p r e d e c e s s o r s t a g e s . 
f N GI ) = h N (N) + C NGI) + XMEB(n)MINIMUMN' 'ITENOIRM ( 3 . 3 4 ) 
L e t NI(TT) b e t h e s e t o f p r o f i l e s t h a t n e s t TT and d i f f e r f r o m TT i n 
o n l y o n e e l e m e n t ; t h u s 
M 
NX(N) = IREN(II) | I (N ±-NJ) = 1 
1=2 
( 3 . 3 5 ) 
Then 
N(N) = N U N(N«), N'EIRAI) 
( 3 . 3 6 ) 
N(N) = N U . RI'ENZ(N) 2 ^ N ( m 
L e t ( 3 . 3 7 ) 
Then 
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( 3 . 3 8 ) 
R e s u l t s 
The a l g o r i t h m o b t a i n e d a b o v e w a s programmed a s THE 1 7 ( A p p e n d i x B ) . 
T h i s p r o g r a m r e c e i v e s t h e c h a r a c t e r i s t i c s o f a l l t h e s t a g e s ( c o s t s ) and t h e 
demands o f s t a g e N, and i t o b t a i n s a p r o d u c t i o n s c h e d u l e f o r a l l t h e s t a g e s 
t h r o u g h t h e w h o l e h o r i z o n t i m e . F o r t h e p u r p o s e o f c o m p u t i n g t h e o p t i m a l 
l o t s i z e s , o n l y s e t up c o s t and i n v e n t o r y c a r r y i n g c o s t s w e r e c o n s i d e r e d ; 
h o w e v e r t h e p r o g r a m a l s o u s e s t h e v a r i a b l e c o s t t o e v a l u a t e t h e t o t a l c o s t 
i n c u r r e d b y t h e company . 
U s i n g r e p r e s e n t a t i v e p r o b l e m s ( T a b l e 9 ) , t h e r e s p o n s e o f t h e m o d e l 
t o v a r i a t i o n s i n t h e p a r a m e t e r s w a s s t u d i e d . 
C h a n g e s w e r e o f t h r e e t y p e s : s e t up c o s t s , i n v e n t o r y c a r r y i n g 
c o s t s , and d e m a n d s . The e f f e c t o f s e t up c o s t c h a n g e s c a n b e o b s e r v e d i n 
p r o b l e m s 1 and 2 , w h e r e i t i s shown c l e a r l y t h a t t h e g r e a t e r t h e s e t up 
c o s t , t h e g r e a t e r t h e t e n d e n c y t o s a t i s f y f u t u r e demands w i t h i n v e n t o r y 
r a t h e r t h a n p r o d u c e i n t h e p e r i o d i n w h i c h demand i s r e q u i r e d . 
F o r d i f f e r e n t s e t up c o s t s a t s t a g e N , p r o b l e m s 3 , 4 , 5 , and 6 
h a v e v a r i a t i o n s o n i n v e n t o r y c o s t . Compar ing 3 w i t h 5 , 4 w i t h 6 , and 
t a k i n g a r e p r e s e n t a t i v e s t a g e , s a y number 5 , r e q u i r e m e n t s f o r p e r i o d s 3 
and 5 w e r e s u p p l i e d b y i n v e n t o r y m a t e r i a l when i n v e n t o r y c o s t w a s l o w ; 
w h i l e t h e r e q u i r e m e n t s w e r e f i l l e d b y p r o d u c t i o n when c o s t s w e r e h i g h e r . 
F i n a l l y p r o b l e m s 7 t h r o u g h 1 0 h a v e v a r i a t i o n s i n t h e i r demand 
v a l u e s . O b v i o u s l y t h e g r e a t e r t h e demand , t h e g r e a t e r t h e f r e q u e n c y o f 
p r o d u c t i o n . T h i s i s b e c a u s e , t h e g r e a t e r t h e demand, t h e g r e a t e r t h e 
minimum f (11') = minimum 
ITeN (n) m 
f ( I I ) , minimum f [n* (n") l 
n ^ N i ( n ) 
T a b l e 9 . P r o b l e m s F o r A s s e m b l y S t r u c t u r e , Time V a r y i n g Demand 
P r o b l e m 
1 2 3 4 5 
S h D S h D S h D S h D S h D 
S t a g e 
1 5 0 . 1 5 50 . 1 5 50 . 1 5 5 0 . 1 5 5 0 . 2 5 
2 1 0 0 . 1 5 1 0 0 . 1 5 1 0 0 . 1 5 1 0 0 . 1 5 1 0 0 . 2 5 
3 1 0 0 0 . 1 5 1 0 0 0 . 1 5 1 5 0 . 1 5 1 5 0 . 1 5 1 5 0 . 2 5 
4 5 0 . 1 5 50 . 1 5 2 0 0 . 1 5 2 0 0 . 1 5 2 0 0 . 2 5 
5 1 0 0 . 1 5 1 0 0 . 1 5 2 5 0 . 1 5 2 5 0 . 1 5 2 5 0 . 2 5 
6 1 0 0 0 . 1 5 1 0 0 0 . 1 5 3 0 0 . 1 5 3 0 0 . 1 5 3 0 0 . 2 5 
7 5 0 . 1 5 5 0 . 1 5 3 5 0 . 1 5 3 5 0 . 1 5 3 5 0 . 2 5 
8 1 0 0 . 1 5 1 0 0 . 1 5 4 0 0 . 1 5 4 0 0 . 1 5 4 0 0 . 2 5 
9 1 0 0 0 . 1 5 1 0 0 0 . 1 5 4 5 0 . 1 5 4 5 0 . 1 5 4 5 0 . 2 5 
1 0 5 0 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 5 0 . 1 5 1 0 0 0 * 4 5 0 . 1 5 1 0 0 0 * 5 0 . 2 5 1 0 0 0 * 
S - S e t up c o s t ( d o l l a r s ) 
h - I n v e n t o r y c a r r y i n g c o s t ( d o l l a r s ) 
D - Demand ( u n i t s ) 
it 
The demand i s k e p t c o n s t a n t t h r o u g h t h e t i m e 
T a b l e 9 . C o n t i n u e d 
P r o b l e m 
6 7 8 9 1 0 
S h D S h D S h D S h D S h D 
S t a g e 
1 50 . 2 5 50 . 2 5 50 . 2 5 50 . 2 5 5 0 . 2 5 
2 1 0 0 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 
3 1 5 0 . 2 5 1 5 0 . 2 5 1 5 0 . 2 5 1 5 0 . 2 5 1 5 0 . 2 5 
4 2 0 0 . 2 5 2 0 0 . 2 5 2 0 0 . 2 5 2 0 0 . 2 5 2 0 0 . 2 5 
5 2 5 0 . 2 5 2 5 0 . 2 5 2 5 0 . 2 5 2 5 0 . 2 5 2 5 0 . 2 5 
6 3 0 0 . 2 5 3 0 0 . 2 5 3 0 0 . 2 5 3 0 0 . 2 5 3 0 0 . 2 5 
7 3 5 0 . 2 5 3 5 0 . 2 5 3 5 0 . 2 5 3 5 0 . 2 5 3 5 0 . 2 5 
8 4 0 0 . 2 5 4 0 0 . 2 5 4 0 0 . 2 5 4 0 0 . 2 5 4 0 0 . 2 5 
9 4 5 0 . 2 5 4 5 0 . 2 5 4 5 0 . 2 5 4 5 0 . 2 5 4 5 0 . 2 5 
1 0 4 5 0 . 2 5 1 0 0 0 * 5 0 . 2 5 5 0 0 * 4 5 0 . 2 5 5 0 0 * 5 0 . 2 5 2 0 0 0 * 4 5 0 . 2 5 2 0 0 0 * 
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amount t h a t h a s t o b e c a r r i e d i n i n v e n t o r y and t h e g r e a t e r t h e r e s u l t i n g 
c o s t . C o n s i d e r i n g t h a t s e t up c o s t s do n o t v a r y w i t h t h e s i z e o f t h e l o t , 
t h e r e i s a t r a d e - o f f p o i n t w h e r e i t i s more c o n v e n i e n t t o p r o d u c e a t 
e v e r y p e r i o d , r a t h e r t h a n p r o d u c e f o r s e v e r a l p e r i o d s and k e e p t h e m a t e r i a l 
i n s t o c k . ( T a b l e 1 0 s h o w s a l l t h e p r o d u c t i o n s c h e d u l e s f o r THE 1 0 t e s t e d 
p r o b l e m s . ) 
A r b o r e s c e n c e S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
From C h a p t e r I I , an a r b o r e s c e n c e s t r u c t u r e i s o n e w h e r e e a c h o n e o f 
t h e f a c i l i t i e s h a s a u n i q u e i m m e d i a t e p r e d e c e s s o r t h a t s u p p l i e s f a c i l i t y n . 
C o n s i d e r t h e same s t r u c t u r e shown i n F i g u r e 1 3 , b u t w i t h t h e a d d i t i o n a l 
t i m e d i m e n s i o n ( F i g u r e 2 0 ) . I n F i g u r e 2 0 , t h e a r r o w s c o r r e s p o n d i n g t o t h e 
demand f l o w s w e r e o m i t t e d f o r c l a r i t y o f p r e s e n t a t i o n . 
F i g u r e 2 0 , Dynamic A r b o r e s c e n c e S t r u c t u r e 
T a b l e 1 0 . P r o d u c t i o n S c h e d u l e s F o r A s s e m b l y S t r u c t u r e , Time V a r y i n g Demand 
P e r i o d 
Pi •oblem 1 P r o b l e m 2 P r o b l e m 3 
S t a g e 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
1 1 0 0 0 * 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 100C 
2 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 100C 
3 5 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
4 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 
5 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 
6 5 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 2 0 0 0 0 3 0 0 0 0 0 
7 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 3 0 0 0 0 0 
8 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 3 0 0 0 0 0 
9 5 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 2 0 0 0 0 3 0 0 0 0 0 
1 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
* P r o d u c t i o n i n u n i t s 
T a b l e 1 0 . C o n t i n u e d 
P e r i o d 
Pi roblem 4 P r o b l e m 5 P r o b l e m 6 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
2 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
Co
 
1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
4 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
5 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
6 2 0 0 0 0 3 0 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 
7 2 0 0 0 0 3 0 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 
8 2 0 0 0 0 3 0 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 
VO
 
2 0 0 0 0 3 0 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 
1 0 L000 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
T a b l e 1 0 . C o n t i n u e d 
P e r i o d 
P r o b l e m 7 P r o b l e m 8 P r o b l e m 9 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 1 0 0 0 0 1 0 0 0 0 5 0 0 1 0 0 0 0 1 0 0 0 0 5 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
2 1 0 0 0 0 1 0 0 0 0 5 0 0 1 0 0 0 0 1 0 0 0 0 5 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
3 1 0 0 0 0 1 0 0 0 0 5 0 0 1 0 0 0 0 1 0 0 0 0 5 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
4 1 0 0 0 0 1 0 0 0 0 5 0 0 1 0 0 0 0 1 0 0 0 0 5 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
5 1 0 0 0 0 1 0 0 0 0 5 0 0 1 0 0 0 0 1 0 0 0 0 5 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
6 1 0 0 0 0 1 5 0 0 0 0 1 0 0 0 0 1 5 0 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
7 1 0 0 0 0 1 5 0 0 0 0 1 0 0 0 0 1 5 0 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
8 1 0 0 0 0 1 5 0 0 0 0 1 0 0 0 0 1 5 0 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
9 1 0 0 0 0 1 5 0 0 0 0 1 0 0 0 0 1 5 0 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
1 0 1 0 0 0 0 1 0 0 0 0 5 0 0 1 0 0 0 0 1 0 0 0 0 5 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
T a b l e 1 0 . C o n t i n u e d 
P e r i o d 
P r o b l e m 1 0 
1 2 3 4 5 
S t a g e 
1 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
2 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
3 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
4 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
5 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
6 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
7 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
8 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
9 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
1 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
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As i s c h a r a c t e r i s t i c o f d y n a m i c s y s t e m s , a n y s t a g e h a s two e x c l u s i v e 
i n p u t s and two n o n e x c l u s i v e o u t p u t s . S t a g e 1 now i s l o c a t e d a t l e v e l two 
and r e c e i v e s m a t e r i a l f rom s u p p l i e r s o r f rom a n e x c e s s o f i n p u t o v e r i t s 
own demand i n p r e v i o u s p e r i o d s . S t a g e s 2 t h r o u g h N fo rm l e v e l o n e , and 
e a c h p r o d u c e s a d i f f e r e n t p r o d u c t t h a t h a s i t s own demand i n e a c h s p e c i f i c 
p e r i o d o f t i m e . T h e s e s t a g e s a l s o h a v e two i n p u t s , s t a g e 1 o r a n i n v e n t o r y 
c a r r i e d f r o m p e r i o d i - 1 and t h e y h a v e two o u t p u t s , t h e r e q u i r e m e n t s f o r 
t h e p r o d u c t s , and t h e i n v e n t o r y t o s a t i s f y f u r t h e r d e m a n d s . 
C o s t s a r e a s s u m e d t o b e c o n c a v e and c o m p o s e d o f two e l e m e n t s , s e t 
up c o s t and i n v e n t o r y c a r r y i n g c o s t . Then t h e m a t h e m a t i c a l o b j e c t i v e 
f o r m u l a t i o n w i l l b e i d e n t i c a l t o t h e m o d e l s d i s c u s s e d b e f o r e w i t h s m a l l 
d i f f e r e n c e s i n i n v e n t o r y c o n s t r a i n t s . 
N M N M 
m i n i m i z e T = £ J J ( Q n i ) S n + J I h n I ± < 3 ' 3 9 > 
n = l i = l h = l i = l 
s u b j e c t t o 
1 , = 1 , + Q - I , x Q m i n = 1 ( 3 . 4 0 ) n , i n , i - l x n , i ^ m e a ( n ) x m , I i « i 2 , . . . , M 
Q n i - 0 X n , i - 0 n = l , 2 , . . . , N ; i = l , 2 , . . . , M 
8 (Q) -
A g a i n i n t h i s m o d e l t h e v a l u e s o f t h e c o s t s f o r t h e s t a g e s a r e c o n ­
s i d e r e d t o b e c o n s t a n t o v e r t i m e ; o n l y demand v a l u e s may v a r y . 
1 i f Q> 0 
0 i f Q = 0 
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L i t e r a t u r e S u r v e y and R e s u l t s 
V e i n o t t [ 2 6 ] d e v e l o p s an a l g o r i t h m f o r t h e a r b o r e s c e n c e s t r u c t u r e 
u s i n g t h e e x t r e m e p o i n t p r o p e r t i e s o f L e o n t i e f s u b s t i t u t i o n m o d e l s t o 
c h a r a c t e r i z e t h e o p t i m a l s o l u t i o n . He d o e s n o t p r e s e n t any c o m p u t a t i o n a l 
e x p e r i e n c e o r r e s u l t s . 
Kalymon [ 1 3 ] d e v e l o p s a m o r e e f f i c i e n t a l g o r i t h m f o r t h i s s y s t e m 
u s i n g d e c o m p o s i t i o n m e t h o d s , and a p p a r e n t l y t h e s e t w o p a p e r s a r e t h e o n l y 
o n e s t h a t f a l l u n d e r t h i s c l a s s i f i c a t i o n . 
A n a l y s i s 
V e i n o t t ? s a l g o r i t h m w i l l b e d e v e l o p e d i n t h i s a n a l y s i s . B e f o r e 
p r e s e n t i n g t h e m a i n s t e p s , we c o n s i d e r t h e c h a r a c t e r i s t i c s o f t h e o p t i m a l 
s o l u t i o n f o r m . L e t 
N 
Qi,i ~ 29Vi + * i , i - i - -
' n=2 
0 ( 3 . 4 1 ) 
T h e r e i s a J , i <_ J £ M, s u c h t h a t 
N J 
( 3 . 4 2 ) 
and 
J 
Q . = y D 
n , i ' u = i 
n ,u 
2 < n < N 
T h e s e s t a t e s i m p l y t h a t t h e amount o r d e r e d a t f a c i l i t y i i n p e r i o d i i s 
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t h e sum o f t h e o r d e r s a t i t s i m m e d i a t e f o l l o w e r s ( s t a g e s 2 t o N ) , and f o r 
f a c i l i t i e s a t l e v e l 1 , t h e amount o r d e r e d a t p e r i o d i s h o u l d s a t i s f y d e ­
mands f o r p e r i o d s i t o J . Then t h e t o t a l c o s t i s : 
T - I 
n . i 
C n , i ^ n , i ) + H n . i ^ . i ) ( 3 . 4 3 ) 
w h e r e C . (Q . ) i s t h e p r o d u c t i o n c o s t a t s t a g e n i n p e r i o d i and H_ . 
n , i n , i " J - 1 -
( I n ^) i s t h e i n v e n t o r y c o s t . Now c o n s i d e r 
S (Q) = 
1 i f Q > 0 
0 i f Q = 0 
( 3 . 4 4 ) 
S ( Q , Q O - [ 1 - J(Q)]f((T) 
N o t i c e t h a t & (Q,Qf) = 1 i f and o n l y i f Q=0 and QVO. Then T c a n b e 
r e w r i t t e n f o r t h e u s u a l a s s u m p t i o n s a b o u t c o s t s a s 
N M 
*- I I 
n=2 i = l 
Sn^l,iVi> + V i ^ i M + I 
i = l s nS(Q l f l> +*l9±il9± 
( 3 . 4 5 ) 
O b s e r v e t h a t f i x e d c h a r g e S n i s i n c u r r e d a t f a c i l i t y n i n p e r i o d i i f 
and o n J y i f a n o r d e r i s p l a c e d a t f a c i l i t y n i n p e r i o d i ( i . e . , Q n i > 0 ) and 
i f s t a g e 1 d o e s n o t p l a c e a n o r d e r i n t h a t p e r i o d ( i . e . , i = 0 ) . F i n a l l y 
b e c a u s e o f t h e " n e s t e d " p r o p e r t i e s 
I , * Qi 4 = 0 ( i = 2 M and 2 < n < N) 
n . i X L 1 , 1 — — 
( 3 . 4 6 ) 
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The a l g o r i t h m i s t h e f o l l o w i n g . L e t 
Q . T : 1 < a < J x n , u : 1, J — — ( 3 . 4 7 ) 
D e n o t e o p t i m a l o r d e r q u a n t i t i e s a t f a c i l i t y n i n p e r i o d s u = i + l , . . . , J . 
L e t 
J N 
Yl,u:iJ = I I Q 
v = u + l n=2 n ' v : i J 
( 3 . 4 8 ) 
Be t h e a s s o c i a t e d t o t a l r e q u i r e m e n t s a t f a c i l i t y 1 i n p e r i o d s u + l , . . . , J , and 
l e t 
Y n , u ; i J = I D n > V ; i J 2 < n < N ( 3 . 4 9 ) 
v = u + l 
Be t h e a s s o c i a t e d t o t a l r e q u i r e m e n t s a t f a c i l i t y n i n p e r i o d s U + l , 
L e t 
, J . 
M J 
31 u • y ^ l . i : ^ - 2 SnS^n,iH:ij) + I h l , u ^ i , U : i j ) x ' , i J n=2 U = i + 1 
( 3 . 5 0 ) 
b e t h e c o s t f o r s t a g e 1 , and 
u = i + l 
( 3 . 5 1 ) 
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b e t h e c o s t f o r s t a g e s a t l e v e l 1 . 
L e t f n £ j b e t h e c o s t t o p r o d u c e i n s t a g e n (2 £ n <̂  N) t h e r e q u i r e ­
m e n t s f o r p e r i o d s i t o J and f^ i J b e t h e minimum c o s t f o r a l l N s t a g e s 
s a t i s f y i n g r e q u i r e m e n t s f o r p e r i o d s i t o J . 
: l , i m = m i n 
i < j < m 
C l , i J + f n , i J + f l , J m ( 3 . 5 2 ) 
I t i s i m p o r t a n t t o n o t e t h a t f R ^ = 0 . The a l g o r i t h m s e q u e n t i a l l y 
f i n d s f ^ M - l M * f l , M - 2 M , • • • , u n t i l f i , i M i s e v a l u a t e d . 
R e s u l t s 
The c o m p u t e r a l g o r i t h m w r i t t e n f o r a r b o r e s c e n c e s t r u c t u r e h a s t h e 
name o f THE 1 8 . T h i s a l g o r i t h m a c h i e v e s t h e same o v j e c t i v e a s p r e v i o u s 
o n e s : r e c e i v e s c o s t s and demands and o b t a i n s o p t i m a l p r o d u c t i o n s c h e d u l e . 
T h i s p r o g r a m a l s o h a s t h e a l t e r n a t i v e t o i n c l u d e v a r i a b l e c o s t s f o r t h e 
p r o c e s s e d i t e m s a t any s t a g e , and w i t h a s m a l l m o d i f i c a t i o n i t c a n a l s o 
a c c e p t v a r i a t i o n s o n t h e p a r a m e t e r s t h r o u g h t h e t i m e . 
T a b l e s 1 1 and 12 p r e s e n t d a t a and r e s u l t s r e s p e c t i v e l y . Ten p r o b l e m s 
w e r e t e s t e d o n THE 18 u s i n g t h e same v a r i a t i o n s a s i n t h e a s s e m b l y c a s e , 
w i t h t h e f o l l o w i n g r e s u l t s . 
V a r i a t i o n s o n s e t up c o s t s a p p e a r t o b e n o t s i g n i f i c a n t , s i n c e t h e 
p r o d u c t i o n s c h e d u l e i s t h e same i n t h e f i r s t p r o b l e m a s i t i s i n t h e 
s e c o n d . The c a u s e o f t h i s a b n o r m a l i t y i s t h a t c o n s t r a i n t ( 3 . 4 7 ) g i v e s a 
h e a v y w e i g h t t o s t a g e 1 i n s u c h a way t h a t t h e p r o d u c t i o n s c h e d u l e f o r 
t h i s s t a g e d o m i n a t e s t h e r e m a i n d e r s c h e d u l e s and f o r c e s them t o o p e r a t e 
i n t h e same t i m e . 
o o 
T a b l e 1 1 . P r o b l e m s F o r A r b o r e s c e n c e S t r u c t u r e , Time V a r y i n g Demand 
P r o b l e m 
1 2 
CO
 4 5 
S h D S h D S h D S h D S h D 
S t a g e 
1 5 0 0 0 . 1 5 5 0 0 0 . 1 5 3 0 0 0 . 1 5 3 0 0 0 . 1 5 3 0 0 0 . 2 5 
2 1 0 0 . 1 5 1 0 0 0 * 1 0 0 . 1 5 1 0 0 0 * 1 0 0 . 1 5 1 0 0 0 * 1 0 0 . 1 5 1 0 0 0 * 1 0 0 . 2 5 1 0 0 0 * 
CO
 1 0 0 0 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 1 5 0 . 1 5 1 0 0 0 * 1 5 0 . 1 5 1 0 0 0 * 1 5 0 . 2 5 1 0 0 0 * 
4 5 0 . 1 5 1 0 0 0 * 5 0 . 1 5 1 0 0 0 * 2 0 0 . 1 5 1 0 0 0 * 2 0 0 . 1 5 1 0 0 0 * 2 0 0 . 2 5 1 0 0 0 * 
5 1 0 0 . 1 5 1 0 0 0 * 1 0 0 . 1 5 1 0 0 0 * 2 5 0 . 1 5 1 0 0 0 * 2 5 0 . 1 5 1 0 0 0 * 2 5 0 . 2 5 1 0 0 0 * 
6 1 0 0 0 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 3 0 0 . 1 5 1 0 0 0 * 3 0 0 . 1 5 1 0 0 0 * 3 0 0 . 2 5 1 0 0 0 * 
7 50 . 1 5 1 0 0 0 * 5 0 . 1 5 1 0 0 0 * 3 5 0 . 1 5 1 0 0 0 * 3 5 0 . 1 5 1 0 0 0 * 3 5 0 . 2 5 1 0 0 0 * 
00
 
1 0 0 . 1 5 1 0 0 0 * 1 0 0 . 1 5 1 0 0 0 * 4 0 0 . 1 5 1 0 0 0 * 4 0 0 . 1 5 1 0 0 0 * 4 0 0 . 2 5 1 0 0 0 * 
9 1 0 0 0 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 4 5 0 . 1 5 1 0 0 0 * 4 5 0 . 1 5 1 0 0 0 * 4 5 0 . 2 5 1 0 0 0 * 
10 5 0 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 5 0 . 1 5 1 0 0 0 * 4 5 0 . 1 5 1 0 0 0 * 50 . 2 5 1 0 0 0 * 
S - S e t up c o s t ( d o l l a r s ) 
h - I n v e n t o r y c a r r y i n g c o s t ( d o l l a r s ) 
D - Demand ( u n i t s ) 
*The demand i s k e p t c o n s t a n t t h r o u g h t h e f i v e p e r i o d s 
T a b l e 1 1 . C o n t i n u e d 
P r o b l e m 
6 7 8 9 
S h D S h D S h D S h D 
S t a g e 
1 3 0 0 0 . 2 5 3 0 0 0 . 2 5 3 0 0 0 . 2 5 3 0 0 0 . 2 5 
2 1 0 0 . 2 5 1 0 0 0 * 1 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 1 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 1 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
3 1 5 0 . 2 5 1 0 0 0 * 1 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 1 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 1 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
4 2 0 0 . 2 5 1 0 0 0 * 2 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 2 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 2 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
5 2 5 0 . 2 5 1 0 0 0 * 2 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 2 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 2 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
6 3 0 0 . 2 5 1 0 0 0 * 3 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 3 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 3 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
7 3 5 0 . 2 5 1 0 0 0 * 3 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 3 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 3 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
8 4 0 0 . 2 5 1 0 0 0 * 4 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 4 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 4 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
9 4 5 0 . 2 5 1 0 0 0 * 4 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 4 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 4 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
1 0 4 5 0 . 2 5 1 0 0 0 * 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 4 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 
**Demand a l t e r n a t e s t h e two v a l u e s o v e r t h e f i v e p e r i o d s 
T a b l e 1 1 . C o n t i n u e d 
10 
P r o b l e m 
S h D 
S t a g e 
1 3 0 0 0 . 2 5 
2 1 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
3 1 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
4 2 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
5 2 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
6 3 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
7 3 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
8 4 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
SO
 
4 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
10 4 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 
S - S e t up c o s t ( d o l l a r s ) 
h - I n v e n t o r y c a r r y i n g c o s t ( d o l l a r s ) 
D - Demand ( u n i t s ) 
**Demand a l t e r n a t e s t h e two v a l u e s o v e r t h e f i v e p e r i o d s 
T a b l e 1 2 . P r o d u c t i o n S c h e d u l e I n A r b o r e s c e n c e S t r u c t u r e , Time V a r y i n g Demand 
P e r i o d 
Prot >lem 1 P r o b l e m 2 P r o b l e m 3 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 3 6 0 0 0 * 0 0 0 9 0 0 0 3 6 0 0 0 0 0 0 9 0 0 0 1 8 0 0 0 0 1 8 0 0 0 0 9 0 0 0 
2 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
LO
 
2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
4 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
5 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
6 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
7 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
8 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
9 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
10 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
* P r o d u c t i o n u n i t s 
T a b l e 1 2 . C o n t i n u e d 
P e r i o d 
P r o b l e m 4 P r o b l e m 5 P r o b l e m 6 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 1 8 0 0 0 0 1 8 0 0 0 0 9 0 0 0 1 8 0 0 0 0 1 8 0 0 0 0 9 0 0 0 1 8 0 0 0 0 1 8 0 0 0 0 9 0 0 0 
2 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
3 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
4 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
5 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
6 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
7 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
CO
 
2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
9 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
1 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 
T a b l e 1 2 . C o n t i n u e d 
P e r i o d 
Pr< D b l e m 7 P r o b l e m 8 P r o b l e m 9 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 2 2 5 0 0 0 2 2 5 0 0 0 1 0 5 0 0 2 2 5 0 0 0 2 2 5 0 0 0 1 0 5 0 0 2 2 5 0 0 0 2 2 5 0 0 0 1 2 0 0 0 
2 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
3 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 
4 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
5 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 
6 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
7 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 
8 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
9 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 
10 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 5 0 0 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
T a b l e 1 2 . C o n t i n u e d 
P e r i o d 
P r o b l e m 1 0 
1 2 3 4 5 
S t a g e 
1 2 2 5 0 0 0 2 2 5 0 0 0 1 2 0 0 0 
2 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
3 2 5 0 0 0 2 5 0 0 0 500 
4 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
In
 2 5 0 0 0 2 5 0 0 0 5 0 0 
6 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
7 2 5 0 0 0 2 5 0 0 0 5 0 0 
CO
 
2 5 0 0 0 2 5 0 0 0 2 0 0 0 
9 2 5 0 0 0 2 5 0 0 0 5 0 0 
10 2 5 0 0 0 2 5 0 0 0 2 0 0 0 
1 0 7 
T h e r e i s a v a r i a t i o n o n s t a g e o n e ' s s c h e d u l e when t h e s e t up c o s t 
i s d e c r e a s e d f rom 5 0 0 0 t o 3 0 0 0 . I n s t e a d o f p r o d u c i n g i n p e r i o d s 1 and 5 , 
i t p r o d u c e s i n p e r i o d s 1 , 3 , and 5 . 
V a r i a t i o n s o n t h e i n v e n t o r y c a r r y i n g c o s t s h a v e no e f f e c t . The 
v a r i a b i l i t y r a n g e i n w h i c h we a r e w o r k i n g i s t o o s m a l l . The m o d e l r e q u i r e s 
g r e a t e r c h a n g e s t o show v a r i a b i l i t y b e c a u s e o f i t s s m a l l e l a s t i c i t y . 
L a r g e r v a l u e s on demands p r o d u c e l a r g e r l o t s i z e s . 
A c y c l i c S t r u c t u r e 
P r o b l e m D e f i n i t i o n 
I n p r e v i o u s s e c t i o n s , c o m p u t a t i o n a l a l g o r i t h m s h a v e b e e n d e v e l o p e d 
f o r t h e c a s e s w h e r e t h e s t a g e s a r e a r r a n g e d i n a n a s s e m b l y o r a r b o r e s c e n c e 
s t r u c t u r e , a l l o w i n g j u s t o n e s t a g e a t e i t h e r l e v e l two o r l e v e l o n e r e ­
s p e c t i v e l y . Now we c o n s i d e r t h e g e n e r a l a c y c l i c s t r u c t u r e , i l l u s t r a t e d i n 
F i g u r e 2 1 , w h e r e t h e maximum number o f r e l a t i o n s h a v e b e e n a l l o w e d . F i g u r e 
21 i s a n e x t e n s i o n o f F i g u r e 14 i n C h a p t e r I I . 
F i g u r e 2 1 . Dynamic A c y c l i c S t r u c t u r e 
1 0 8 
I t i s i m p o r t a n t t o r e c o g n i z e t h a t t h e a r r o w s a r e o p t i o n a l r e l a t i o n s 
b e t w e e n s t a g e s a t l e v e l 2 and s t a g e s a t l e v e l 1 t h a t may o r may n o t e x i s t . 
I t i s n o t a r e q u i s i t e t h a t a p a r t i c u l a r s t a g e a t l e v e l 2 h a s r e l a t i o n s 
w i t h a l l s t a g e s a t l e v e l 1 . 
C o n s i d e r i n g t h i s c o m p l e t e l y g e n e r a l s t r u c t u r e , any s t a g e n a t l e v e l 
2 may h a v e two d i f f e r e n t i n p u t s , o n e f rom i t s s u p p l i e r s and t h e o t h e r f rom 
i n v e n t o r y c a r r i e d b y i t s e l f f rom a p r e c e d i n g p e r i o d . The o u t p u t s w i l l b e 
d e l i v e r i e s t o a l l t h e s t a g e s a t l e v e l 1 w h i c h f a c i l i t y n h a s r e l a t i o n w i t h 
and a l s o s t o r a g e i n v e n t o r y c a r r i e d f o r w a r d f o r demand i n f u t u r e p e r i o d s . 
A s t a g e a t l e v e l 1 r e c e i v e s m a t e r i a l f rom a l l i t s r e l a t e d s t a g e s f rom l e v e l 
2 o r f rom i n v e n t o r y c o m i n g from p r e v i o u s p e r i o d s , and s h i p s m a t e r i a l t o 
s a t i s f y i t s e x t e r n a l demand a n d / o r s h i p s t o t h e n e x t p e r i o d i n t h e f o r m o f 
i n v e n t o r y . 
The i n v e n t o r i e s a t t h e b e g i n n i n g and a t t h e end o f t h e h o r i z o n t i m e 
a r e a s s u m e d t o b e z e r o s i n c e a l l demands m u s t b e a c c o m p l i s h e d . Then p r o ­
d u c t i o n a l w a y s t a k e s p l a c e a t t h e f i r s t p e r i o d o f t i m e . 
L e t u s know r e p r e s e n t m a t h e m a t i c a l l y t h e p r o b l e m 
N M N M 
minimize 1=1 J J ( Q n , ) s n + I I Vni ( 3 ' 5 3 ) n=l i=l n=l i=l 
subject to 
I ^ ' I , + Q 4 - I Q m i - n - 1 , 2 , . . . , L i = 1 , 2 , . . . , M 
ni n , i + i V i ^ ( n ) ^ ' 1 
rni " Vi-l + Qn,i " Dn,i n = L + 1 N 1 = X ' 2 M ( 3 ' 5 4 ) 
1 0 9 
cS ( Q ) = 
The c o n s t r a i n t s o n t h e i n v e n t o r y v a r y a c c o r d i n g w i t h t h e p o s i t i o n o f t h e 
n s t a g e . At l e v e l 2 i t w i l l h a v e a n o u t p u t w h i c h i s t h e r e q u i r e m e n t s f rom 
a l l t h e a ( n ) s u c c e s s o r s , and a t l e v e l 1 t h e o u t p u t i s t h e c o r r e s p o n d i n g 
demand f o r t h a t p r o d u c t a t t h a t s p e c i f i c p e r i o d o f t i m e . 
L i t e r a t u r e S u r v e y and R e s u l t s 
The a c y c l i c s t r u c t u r e h a s a p p a r e n t l y n o t b e e n y e t e x t e n s i v e l y i n ­
v e s t i g a t e d . On ly o n e p a p e r d e a l i n g w i t h t h i s s t r u c t u r e ( Z a n g w i l l [ 2 4 ] ) 
w a s f o u n d i n t h e l i t e r a t u r e . He c h a r a c t e r i z e s t h e o p t i m a l s o l u t i o n , b u t 
d o e s n o t p r e s e n t a n y f u r t h e r a n a l y s i s . 
A n a l y s i s 
The f o l l o w i n g i s a n h e u r i s t i c m e t h o d o l o g y b a s e d o n t h e p r o p e r t i e s 
d e v e l o p e d i n p r e v i o u s m o d e l s . 
C o n s i d e r t h e " n e s t e d " p r o p e r t i e s s u g g e s t e d b y L o v e [ 1 6 ] , t h e n : 
r n , i - l * Q n , i * 0 1 8 5 1 » 2 M n = 1 , , . . , N ( 3 . 5 5 ) 
Q > 0 i m p l i e s Q , . > 0 f o r i = 1 , . . . , M n - 1 , 2 , . . . , N ( 3 . 5 6 ) 
n , l a ( n ) , l 
Assume p r o d u c t i o n c o s t s a r e n o n - i n c r e a s i n g i n t i m e 
C , ( Q ) < C , - ( Q ) f o r n - 1 N i = 2 M ( 3 . 5 7 ) 
n , i — n , i - l 
and i n v e n t o r y h o l d i n g c o s t s a r e n o n - i n c r e a s i n g o v e r s t a g e s 
1 i f Q 0 
0 i f Q = 0 
1 1 0 
V l i h « ( n ) . i ( 3 - 5 8 ) 
L e t II (TI^ II^ • . . , n M ) b e a v e c t o r o f l ' s and 0 * s . We i n t e r p r e t 1 1 
a s a p r o d u c t i o n p r o f i l e v e c t o r , s u c h t h a t i f t h e p r o f i l e ^ i s c h o s e n f o r 
s t a g e n , 
V i > 0 i f n i = 1 
( 3 . 5 9 ) 
Then a c c o r d i n g w i t h t h e o p t i m a l s o l u t i o n f o r m 
V i = 0 if \ = 0 
V i " » i " n ± - i and n 1 + 1 . x ( 3 > 6 o ) 
V i • Di + Di +i if \ = i, NM . o a n d n i + 2 . x 
and i n g e n e r a l 
i ' 
Q n i = I D i f n = 1 , n t = 0 f o r t = i + l , . . . , i f and = 1 ( 3 . 6 1 ) 
' t = l 
L e t u s d e n o t e t h e t o t a l p r o d u c t i o n c o s t a s s o c i a t e d w i t h t h e c h o i c e o f p r o ­
d u c t i o n p r o f i l e II f o r s t a g e n b y C n ( I I ) . Thus 
Cn(II) = Jl Vi^n.i) ( 3 - 6 2 ) 
I l l 
T h e i n v e n t o r y w o u l d b e 
1 
n , i = J / V t " ° t > < 3 ' 6 3 > 
w i t h a t o t a l c a r r y i n g i n v e n t o r y c o s t f o r s t a g e n 
M 
U s i n g t h e n e s t e d s c h e d u l e s p r o p e r t y , l e t N(II) b e t h e s e t o f p r o d u c t i o n 
p r o f i l e s w h i c h " n e s t " II, t h a t i s 
IT e N(II) i f and o n l y i f I I ± - Rl_ < 0 i = L + l , L + 2 , . . . , N ( 3 . 6 5 ) 
and l e t P (II) b e t h e s e t o f p r o d u c t i o n p r o f i l e s w h i c h a r e " n e s t e d " b y II, 
t h a t i s 
I T e P(II) i f and o n l y i f n ± - IP7 _> 0 i - 1 , 2 , . . . , L ( 3 . 6 6 ) 
D e f i n e f n ( ^ ) a s t h e minimum t o t a l c o s t g i v e n t h a t II p r o d u c t i o n p r o f i l e h a s 
b e e n c h o s e n t o b e t h e s t a g e n p r e d e c e s s o r ' s o r s u c c e s s o r ' s s c h e d u l e i f n 
i s a t l e v e l 1 o r l e v e l 2 , r e s p e c t i v e l y . 
II m u s t b e a n e l e m e n t f rom t h e U u n i v e r s e , c o m p o s e d b y 2 ^ " ^ e l e m e n t s . 
The r e a s o n t h e e x p o n e n t i s M - l i s b e c a u s e a t t h e f i r s t p e r i o d o f t i m e we 
m u s t p r o d u c e ; t h a t i s , = 1 . 
T h e n , t h e minimum c o s t f o r s t a g e s l o c a t e d i n l e v e l 2 , f o r a g i v e n 
n, i s 
I 
112 
f (II) = minimum C n ( I T ) + h (IT) 
ITeP(II) 
n = 1 , 2 , . . . , L ( 3 . 6 7 ) 
and f o r those stages a t l e v e l 1 , 
f (II) = minimum C (II 1 ) + h (II 1 ) 
Tl n n 
IPeN(II) n 
n = L + l , L + 2 , . . . , N ( 3 . 6 8 ) 
The t o t a l minimum cost w i l l be 
T = o p t i m a l T = minimum J 
neU n = l 
( 3 . 6 9 ) 
R e s u l t s 
The above equat ions were programmed as THE 1 9 . Th is program a l l o w s 
any s t r u c t u r e i n two l e v e l s w i t h v a r i a t i o n s i n demands. Again t h e e x t e n ­
s i o n f o r v a r i a t i o n s on t h e cost parameters i s a m a t t e r o f few program 
s t a t e m e n t s . 
I n c o n t r a s t to p rev ious programs, THE 19 accepts as i n p u t t h e number 
of s tages a t each l e v e l . A f t e r demands of s tages a t l e v e l 1 , a m a t r i x o f 
r e l a t i o n s between stages f rom l e v e l 2 and l e v e l 1 must be p r o v i d e d . 
The a c y c l i c s t r u c t u r e s e l e c t e d to be t e s t e d i n t h i s s tudy i s p r e ­
sented i n F i g u r e 2 2 . I n t h i s s t r u c t u r e , s tage 1 i s r e l a t e d w i t h s tages 
6 , 8 , and 1 0 ; s tage 2 w i t h 6 , 7 , and 8 ; s t a g e 3 w i t h 7 and 9 ; s tage 4 w i t h 
6 , 7 , 8 , 9 , and 1 0 ; and s tage 5 w i t h 8 , 9 , and 1 0 . 
The problems to be t e s t e d appear i n Tab le 13 and the r e s u l t s i n 
Tab le 14 . 
Wi thout a doubt , problems 1 and 2 show t h a t t h e g r e a t e r t h e s e t 
1 1 3 
F i g u r e 2 2 . A c y c l i c P r o b l e m 
up c o s t , t h e g r e a t e r t h e i n v e n t o r i e s and l o g i c a l l y t h e s y s t e m t e n d s t o 
p r o d u c e o n f e w e r o c c a s i o n s . 
On t h e o t h e r h a n d , p r o b l e m s 4 and 6 , w i t h a s m a l l v a r i a t i o n o f i n ­
v e n t o r y c a r r y i n g c o s t show a s t r o n g r e d u c t i o n o n i n v e n t o r i e s . 
As demand v a l u e s i n c r e a s e ( P r o b l e m s 7 , 8 , 9 , and 1 0 ) , t h e r e i s an 
i n c r e a s i n g t e n d e n c y t o s a t i s f y r e q u i r e m e n t s w i t h p r o d u c t i o n r a t h e r t h a n 
i n v e n t o r y . 
T a b l e 1 3 . P r o b l e m s F o r A c y c l i c S t r u c t u r e , Time V a r y i n g Demand 




S h D S h D s h D S h D S h D 
S t a g e 
1 5 0 0 0 . 1 5 5 0 0 0 . 1 5 3 0 0 0 . 1 5 3 0 0 0 . 1 5 3 0 0 0 . 2 5 
2 1 0 0 . 1 5 1 0 0 . 1 5 1 0 0 . 1 5 1 0 0 . 1 5 1 0 0 . 2 5 
LO
 
1 0 0 0 . 1 5 1 0 0 0 . 1 5 1 5 0 . 1 5 1 5 0 . 1 5 1 5 0 . 2 5 
4 5 0 . 1 5 5 0 . 1 5 2 0 0 . 1 5 2 0 0 . 1 5 2 0 0 . 2 5 
5 1 0 0 . 1 5 1 0 0 . 1 5 2 5 0 . 1 5 2 5 0 . 1 5 2 5 0 . 2 5 
6 1 0 0 0 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 3 0 0 . 1 5 1 0 0 0 * 3 0 0 . 1 5 1 0 0 0 * 3 0 0 . 2 5 1 0 0 0 * 
7 50 . 1 5 1 0 0 0 * 5 0 . 1 5 1 0 0 0 * 3 5 0 . 1 5 1 0 0 0 * 3 5 0 . 1 5 1 0 0 0 * 3 5 0 . 2 5 1 0 0 0 * 
8 1 0 0 . 1 5 1 0 0 0 * 1 0 0 . 1 5 1 0 0 0 * 4 0 0 . 1 5 1 0 0 0 * 4 0 0 . 1 5 1 0 0 0 * 4 0 0 . 2 5 1 0 0 0 * 
9 1 0 0 0 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 4 5 0 . 1 5 1 0 0 0 * 4 5 0 . 1 5 1 0 0 0 * 4 5 0 . 2 5 1 0 0 0 * 
10 50 . 1 5 1 0 0 0 * 1 0 0 0 . 1 5 1 0 0 0 * 5 0 . 1 5 1 0 0 0 * 4 5 0 . 1 5 1 0 0 0 * 50 . 2 5 1 0 0 0 * 
S - S e t up c o s t ( d o l l a r s ) 
h - I n v e n t o r y c a r r y i n g c o s t ( d o l l a r s ) 
D - Demand ( u n i t s ) 
*The demand i s k e p t c o n s t a n t t h r o u g h t h e f i v e p e r i o d s 
T a b l e 1 3 . C o n t i n u e d 
P r o b l e m 
6 7 8 9 
S h D S h D S h D S h D 
S t a g e 
1 3 0 0 0 . 2 5 3 0 0 0 . 2 5 3 0 0 0 . 2 5 3 0 0 0 . 2 5 
2 1 0 0 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 1 0 0 . 2 5 
3 1 5 0 . 2 5 1 5 0 . 2 5 1 5 0 . 2 5 1 5 0 . 2 5 
4 2 0 0 . 2 5 2 0 0 . 2 5 2 0 0 . 2 5 2 0 0 . 2 5 
5 2 5 0 . 2 5 2 5 0 . 2 5 2 5 0 . 2 5 2 5 0 . 2 5 
6 3 0 0 . 2 5 1 0 0 0 * 3 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 3 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 3 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
7 3 5 0 . 2 5 1 0 0 0 * 3 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 3 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 3 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
8 4 0 0 . 2 5 1 0 0 0 * 4 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 4 0 0 . 2 5 5 0 0 - 1 0 0 0 * * 4 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
9 4 5 0 . 2 5 1 0 0 0 * 4 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 4 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 4 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
1 0 4 5 0 . 2 5 1 0 0 0 * 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 4 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 
**Demand a l t e r n a t e s thw two v a l u e s o v e r t h e f i v e p e r i o d s 
T a b l e 1 3 . C o n t i n u e d 
P r o b l e m 
1 0 
s h D 
S t a g e 
1 3 0 0 0 . 2 5 
2 1 0 0 . 2 5 
CO
 
1 5 0 . 2 5 
4 2 0 0 . 2 5 
5 2 5 0 . 2 5 
6 3 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
7 3 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
8 4 0 0 . 2 5 1 0 0 0 - 5 0 0 * * 
ON 4 5 0 . 2 5 5 0 0 - 1 0 0 0 * * 
10 4 5 0 . 2 5 1 0 0 0 - 5 0 0 * * 
S - S e t up c o s t ( d o l l a r s ) 
h - I n v e n t o r y c a r r y i n g c o s t ( d o l l a r s ) 
D - Demand ( u n i t s ) 
**The demand i s k e p t c o n s t a n t t h r o u g h t h e f i v e p e r i o d s 
v j 
T a b l e 1 4 . P r o d u c t i o n S c h e d u l e For A c y c l i c S t r u c t u r e , Time V a r y i n g Demand 
P e r i o d 
P r o b l e m 1 P r o b l e m 2 P r o b l e m 3 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 9 0 0 0 * 0 0 6 0 0 0 0 9 0 0 0 0 0 6 0 0 0 0 9 0 0 0 0 0 6 0 0 0 0 
2 3 0 0 0 6 0 0 0 0 6 0 0 0 0 3 0 0 0 6 0 0 0 0 6 0 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 6 0 0 0 0 
CO
 
6 0 0 0 0 0 4 0 0 0 0 6 0 0 0 0 0 4 0 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 4 0 0 0 0 
4 5 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 5 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 1 0 0 0 0 
5 3 0 0 0 6 0 0 0 0 6 0 0 0 0 3 0 0 0 6 0 0 0 0 6 0 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 6 0 0 0 0 
6 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 
7 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 
8 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 
9 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 
10 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
* P r o d u c t i o n u n i t s 
T a b l e 1 4 . C o n t i n u e d 
P e r i o d 
P r o b l e m 4 P r o b l e m 5 P r o b l e m 6 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 9 0 0 0 0 0 6 0 0 0 0 1 2 0 0 0 0 0 0 3 0 0 0 1 2 0 0 0 0 0 0 3 0 0 0 
2 3 0 0 0 3 0 0 0 3 0 0 0 6 0 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 
3 2 0 0 0 2 0 0 0 2 0 0 0 4 0 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 2 0 0 0 
4 5 0 0 0 5 0 0 0 5 0 0 0 1 0 0 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 
5 3 0 0 0 3 0 0 0 3 0 0 0 6 0 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 3 0 0 0 
6 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
7 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
oo 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
9 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
1 0 1 0 0 0 1 0 0 0 1 0 0 0 2 0 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 
T a b l e 1 4 . C o n t i n u e d 
P e r i o d 
P r o b l e m 7 P r o b l e m 8 P r o b l e m 9 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
S t a g e 
1 9 0 0 0 0 0 6 0 0 0 1 5 0 0 9 0 0 0 0 0 7 5 0 0 0 7 5 0 0 0 7 5 0 0 0 6 0 0 0 
2 3 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 3 0 0 0 3 0 0 0 4 5 0 0 3 0 0 0 7 5 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 
3 4 0 0 0 1 0 0 0 4 0 0 0 1 0 0 0 4 0 0 0 4 0 0 0 1 0 0 0 4 0 0 0 5 0 0 0 0 1 0 0 0 4 0 0 0 1 0 0 0 4 0 0 0 1 0 0 0 
4 5 5 0 0 7 0 0 0 5 5 0 0 7 0 0 0 5 5 0 0 5 5 0 0 7 0 0 0 5 5 0 0 1 2 5 0 0 0 7 0 0 0 5 5 0 0 7 0 0 0 5 5 0 0 7 0 0 0 
5 3 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 3 0 0 0 3 0 0 0 4 5 0 0 3 0 0 0 7 5 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 
6 5 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 5 0 0 2 0 0 0 5 0 0 2 5 0 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 
7 2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 2 0 0 0 5 0 0 2 0 0 0 2 5 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 
8 5 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 5 0 0 2 0 0 0 5 0 0 2 5 0 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 
9 2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 2 0 0 0 5 0 0 2 0 0 0 2 5 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 
10 5 0 0 2 0 0 0 5 0 0 2 0 0 0 500 5 0 0 2 0 0 0 5 0 0 2 5 0 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 
T a b l e 1 4 . C o n t i n u e d 
P e r i o d 
P r o b l e m 10 
1 2 3 4 5 
S t a g e 
1 7 5 0 0 0 7 5 0 0 0 6 0 0 0 
CM
 4 5 0 0 3 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 
3 1 0 0 0 4 0 0 0 1 0 0 0 4 0 0 0 1 0 0 0 
4 7 0 0 0 5 5 0 0 7 0 0 0 5 5 0 0 7000 
5 4 5 0 0 3 0 0 0 4 5 0 0 3 0 0 0 4 5 0 0 
6 2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 
7 5 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 
CO
 
2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 
9 5 0 0 2 0 0 0 5 0 0 2 0 0 0 5 0 0 
10 2 0 0 0 5 0 0 2 0 0 0 5 0 0 2 0 0 0 
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CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
R e s u l t s o f t h e I n v e s t i g a t i o n 
The p r o b l e m o f d e t e r m i n i n g e c o n o m i c a l l y o p t i m a l l o t s i z e s i n t w o -
l e v e l m u l t i s t a g e p r o d u c t i o n s y s t e m s w a s s t u d i e d u n d e r t h e f o l l o w i n g a s ­
s u m p t i o n s . Each s t a g e p r o d u c e s a s i n g l e i t e m and e a c h i t e m i s p r o d u c e d 
a t a s i n g l e s t a g e . C o s t s a t e a c h s t a g e a r e f o r p r o d u c t i o n and i n v e n t o r y . 
No b a c k l o g g i n g i s p e r m i t t e d . P r o d u c t i o n c o s t s a r e o f t h e " f i x e d c h a r g e " 
t y p e , w h e r e t h e c o s t o f a l o t c o n s i s t s o f a f i x e d s e t up c o s t and a v a r i ­
a b l e c o s t t h a t i s p r o p o r t i o n a l t o t h e l o t s i z e . I n v e n t o r y c o s t s a r e 
p r o p o r t i o n a l t o t h e a v e r a g e i n v e n t o r y l e v e l i n t h e s t a t i o n a r y demand, i n ­
f i n i t e h o r i z o n c a s e and t o t h e e n d - o f - p e r i o d i n v e n t o r y i n t h e d y n a m i c 
demand, f i n i t e h o r i z o n c a s e . O n l y d e t e r m i n i s t i c p r o b l e m s a r e c o n s i d e r e d . 
Four s y s t e m s t r u c t u r e s w e r e i n v e s t i g a t e d : s e r i e s , a s s e m b l y , a r ­
b o r e s c e n c e , and g e n e r a l a c y c l i c . I n e a c h c a s e b o t h s t a t i o n a r y and t i m e -
v a r y i n g demand s i t u a t i o n s w e r e a n a l y z e d . The f o l l o w i n g r e s u l t s w e r e o b ­
t a i n e d : 
1 . F o r t h e s e r i e s s y s t e m w i t h s t a t i o n a r y demand , two l o t - s i z e 
p o l i c i e s w e r e c o n s i d e r e d . The f i r s t w a s t h e i n t e g e r m u l t i p l e 
p o l i c y , w h e r e t h e l o t s i z e a t t h e s e c o n d l e v e l s t a g e i s a n i n t e g e r 
m u l t i p l e o f t h e l o t s i z e a t t h e f i r s t l e v e l s t a g e , h a s b e e n shown 
t o b e t h e o p t i m a l p o l i c y s t r u c t u r e when e q u a l s i z e l o t s a r e t o b e 
p r o d u c e d a t e q u a l i n t e r v a l s o f t i m e a t e a c h s t a g e . The s e c o n d 
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p o l i c y a n a l y z e d p e r m i t t e d l e v e l two i n v e n t o r y t o b e m a i n t a i n e d 
o n l y d u r i n g i n t e r v a l s when l e v e l o n e was p r o d u c i n g . The o p t i m a l 
f or m o f t h i s p o l i c y h a s t h e l o t s i z e a t l e v e l two an i n t e g e r 
d i v i s o r o f t h e l o t s i z e u s e d a t l e v e l o n e . E x a c t s o l u t i o n s f o r 
t h e o p t i m a l l o t s i z e s w e r e o b t a i n e d f o r e a c h p o l i c y u n d e r e a c h o f 
two c o n d i t i o n s : s i m u l t a n e o u s p r o d u c t i o n and c o n s u m p t i o n o f t h e 
l e v e l o n e l o t . A n a l y s i s o f c o n d i t i o n s u n d e r w h i c h e a c h p o l i c y 
s t r u c t u r e i s s u p e r i o r r e v e a l e d t h a t i n g e n e r a l t h e i n t e g e r m u l t i p l e 
p o l i c y i s b e t t e r . Only f o r s m a l l s e t up c o s t r a t i o s ( S 1 / S 2 ) o r 
s m a l l i n v e n t o r y c o s t r a t i o s ( t^ /h -^) w o u l d t h e i n t e g e r d i v i s o r p o l i c y 
b e p r e f e r r e d . The e f f e c t o f t h e u t i l i z a t i o n r a t i o ( D /P2 ) d e p e n d s 
o n w h e t h e r o r n o t p r o d u c t i o n and c o n s u m p t i o n a r e s i m u l t a n e o u s a t 
l e v e l o n e ( s t a g e t w o ) . I n t h e f o r m e r c a s e , t h e g r e a t e r t h e r a t i o , 
t h e g r e a t e r t h e p r e f e r e n c e f o r t h e i n t e g e r d i v i s o r p o l i c y , w h i l e 
i n t h e l a t t e r s i t u a t i o n , t h e o p p o s i t e i s t r u e . 
2 . F o r t h e a s s e m b l y s t r u c t u r e w i t h s t a t i o n a r y demand, s e v e n a l ­
g o r i t h m s w e r e a d a p t e d o r d e v e l o p e d f o r t h e two l e v e l c a s e . An 
i n t e g e r m u l t i p l e p o l i c y w a s u s e d i n e a c h . Computer p r o g r a m s w e r e 
w r i t t e n f o r e a c h a l g o r i t h m and w e r e u s e d t o s o l v e 1 0 t e s t p r o b l e m s . 
I n t h e d y n a m i c programming a l g o r i t h m s u g g e s t e d by C r o w s t o n , W a g n e r , 
and W i l l i a m s [ 5 ] , t h e m a i n p r o b l e m a p p e a r s t o b e t h e b o u n d i n g p r o ­
c e d u r e . I n t h r e e o u t o f 1 0 p r o b l e m s t e s t e d t h e a l g o r i t h m f o u n d t h e 
o p t i m a l s o l u t i o n , and i n g e n e r a l t h e t i m e u s e d w a s 90% o v e r t h a t o f 
t h e f a s t e s t a l g o r i t h m . An a l t e r n a t i v e t o d y n a m i c p r o g r a m m i n g w h i c h 
b a s i c a l l y c h a n g e s t h e c o m p u t a t i o n o f t h e i n t e g e r m u l t i p l i e r and t h e 
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b o u n d i n g p r o c e d u r e , o b t a i n s t h e b e s t s o l u t i o n i n f o u r o f t h e p r o b ­
l e m s and i t i s 75% o v e r t h e b e s t c o m p u t a t i o n a l t i m e . T h r e e 
h e u r i s t i c s a r e c o n s i d e r e d by C r o w s t o n , W a g n e r , and Henshaw [ 4 ] : 
S i n g l e P a s s , M u l t i p l e P a s s and M o d i f i e d M u l t i p l e P a s s . They r e a c h 
t h e b e s t s o l u t i o n 4 , 8 , and 9 t i m e s o u t o f t e n , b e i n g 6 4 , 7 3 , and 
96 p e r c e n t o v e r t h e b e s t t i m e , r e s p e c t i v e l y . A B r a n c h and Bound 
a l g o r i t h m a s p r o p o s e d b y S c h w a r z and S c h r a g e [ 2 4 ] w a s f o u n d t o b e 
a c c u r a t e w i t h t h e b e s t s o l u t i o n s e v e n t i m e s . H o w e v e r , i t r e q u i r e s 
much c o m p u t a t i o n t i m e , a s e v i d e n c e d by i t s b e i n g 287 p e r c e n t o v e r 
t h e b e s t t i m e . S c h w a r z and S c h r a g e i n t h e same p a p e r s u g g e s t my­
o p i c p o l i c i e s t h a t c o n s i d e r j u s t two s t a g e s a t a t i m e . T h i s a l g o ­
r i t h m f i n d s t h e b e s t s o l u t i o n i n 2 o u t o f 1 0 c a s e s , b u t i s n o t f a r 
f r o m t h e b e s t i n t h e o t h e r p r o b l e m s , and i t o b t a i n s t h e b e s t c o m p u ­
t a t i o n a l t i m e . I t was c o n c l u d e d t h a t t h e m y o p i c p o l i c y and t h e 
m o d i f i e d m u l t i p l e p a s s a l g o r i t h m a r e a t t r a c t i v e s o l u t i o n m e t h o d s . 
3 . The a r b o r e s c e n c e s t r u c t u r e u n d e r s t a t i o n a r y demand h a s b e e n 
a n a l y z e d b y Schwarz [ 2 3 ] and G r a v e s and S c h w a r z [ 1 0 ] . The a l g o r i t h m s 
t h e y p r o p o s e d w e r e a d a p t e d t o t h e t w o - l e v e l c a s e , p r o g r a m m e d , and 
t e s t e d o n 10 p r o b l e m s . The a l g o r i t h m o f S c h w a r z d i d n o t o b t a i n t h e 
b e s t s o l u t i o n f o r a n y o f t h e p r o b l e m s t e s t e d , a n d w a s 27 p e r c e n t 
o v e r t h e b e s t c o m p u t a t i o n a l t i m e . G r a v e s and S c h w a r z p r o p o s e a 
b r a n c h and bound a l g o r i t h m w h i c h f o u n d t h e b e s t s o l u t i o n s i x t i m e s , 
t h e s o l u t i o n t i m e w a s h i g h . I t w a s 1 9 0 p e r c e n t o v e r t h e f a s t e s t 
a l g o r i t h m . I n t h e same p a p e r G r a v e s and S c h w a r z g i v e a m y o p i c 
p o l i c y f o r t h e c a s e o f a r b o r e s c e n c e s t r u c t u r e . They a l s o p r o p o s e 
a n i m p r o v e m e n t u s i n g t h e o u t p u t o f t h e a l g o r i t h m a s a new i n p u t 
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u n t i l no i m p r o v e m e n t i s a c h i e v e d . T h e s e a l g o r i t h m s ( m y o p i c and 
m o d i f i e d m y o p i c ) f i n d t h e b e s t s o l u t i o n , o n e and s i x t i m e s r e ­
s p e c t i v e l y ; and t h e y a r e z e r o and 27 p e r c e n t o v e r t h e b e s t t i m e . 
F i n a l l y a d y n a m i c programming a p p r o a c h d e v e l o p e d i n t h e r e s e a r c h 
a p p e a r s t o g i v e f a i r l y g o o d r e s u l t s e v e n t h o u g h i t n e v e r a c h i e v e s 
t h e b e s t s o l u t i o n ; h o w e v e r , i t i s n o t p a r t i c u l a r l y f a s t , b e i n g 
1 7 2 p e r c e n t o v e r t h e b e s t t i m e . 
4 . The l i t e r a t u r e d o e s n o t c o n t a i n s o l u t i o n a l g o r i t h m s f o r t h e 
a c y c l i c s t r u c t u r e w i t h s t a t i o n a r y demand. An a l g o r i t h m w a s d e ­
v e l o p e d t h a t i s b a s e d o n a s s u m i n g t h a t t h e c y c l e t i m e s f o r s t a g e s 
o n l e v e l two a r e an i n t e g e r m u l t i p l e o f a g i v e n c y c l e t i m e , w h i l e 
f o r s t a g e s a t l e v e l o n e t h e y a r e a n i n t e g e r d i v i s o r o f t h a t c y c l e 
t i m e . U s i n g a s e a r c h on t h e c y c l e t i m e , t h e l o w e s t t o t a l c o s t i s 
s e l e c t e d a s t h e b e s t a l t e r n a t i v e . The a l g o r i t h m i s t e s t e d f o r 1 0 
p r o b l e m s and f o r a s p e c i f i c s t r u c t u r e and r e s u l t s a r e f e a s i b l e 
and a p p e a r t o b e g o o d . 
5 . The s e r i e s s t r u c t u r e w i t h t i m e v a r y i n g demand c a s e i s c o n s i d e r e d 
b y Z a n g w i l l [ 3 0 ] w h e r e h e p r o p o s e s a n e t w o r k - b a s e d d y n a m i c p r o g r a m ­
m i n g a p p r o a c h . F o r t h e two l e v e l c a s e s t h e a l g o r i t h m w a s programmed 
and t e s t e d w i t h 1 0 p r o b l e m s . The o p t i m a l s o l u t i o n was o b t a i n e d i n 
e a c h c a s e w i t h g o o d c o m p u t a t i o n t i m e p e r f o r m a n c e . 
6 . The a s s e m b l y s t r u c t u r e p r o b l e m w i t h t i m e v a r y i n g demand h a s b e e n 
c o n s i d e r e d by C r o w s t o n and Wagner [ 7 ] , who s u g g e s t a d y n a m i c p r o ­
gramming a p p r o a c h . T h i s a p p r o a c h w a s a d a p t e d t o t h e two l e v e l c a s e 
and a n a l g o r i t h m d e v e l o p e d and t e s t e d , o b t a i n i n g s a t i s f a c t o r y r e ­
s u l t s . 
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7 . The a r b o r e s c e n c e s t r u c t u r e u n d e r t i m e v a r y i n g demand c a s e h a s 
b e e n t r e a t e d b y V e i n o t t [ 2 4 ] . I n t h i s p a p e r , h e d e f i n e s t h e c h a r a c ­
t e r i s t i c s o f t h e o p t i m a l s o l u t i o n t h r o u g h t h e u s e o f t h e L e o n t i e f 
s u b s t i t u t i o n m a t r i x and p r o p o s e s a d y n a m i c programming s o l u t i o n . 
H i s c o n c e p t s w e r e u s e d i n d e v e l o p i n g an a l g o r i t h m f o r t h e two l e v e l 
s t r u c t u r e . I t w a s programmed and t e s t e d . The c o n c l u s i o n i s t h a t 
t h e a l g o r i t h m i s a s a t i s f a c t o r y m e a n s o f s o l v i n g t h i s t y p e o f p r o b ­
l e m . 
8 . The o p t i m a l s o l u t i o n f o r t h e a c y c l i c s t r u c t u r e u n d e r t i m e v a r y ­
i n g demand i s c h a r a c t e r i z e d by Z a n g w i l l [ 2 8 , 2 9 ] , b u t h e d o e s n o t 
s u g g e s t any s o l u t i o n a l g o r i t h m . I n h i s r e s e a r c h , u s i n g Z a n g w i l l ' s 
c h a r a c t e r i s t i c s and L o v e ' s [ 1 6 ] " n e s t e d " p r o p e r t i e s , a n a l g o r i t h m 
a l l o w i n g any k i n d o f two l e v e l a c y c l i c s t r u c t u r e i s d e v e l o p e d and 
t e s t e d , o b t a i n i n g g o o d r e s u l t s . 
Recommendat i o n s 
R e c o m m e n d a t i o n s f o r t h e u s e o f t h e s e a l g o r i t h m s and f o r f u r t h e r 
s t u d i e s a r e : 
1 . F u r t h e r s t u d i e s on a c y c l i c s t r u c t u r e and s t a t i o n a r y demand s h o u l d 
b e o r i e n t e d t o w a r d i m p r o v i n g t h e s p e e d o f c o n v e r g e n c e a s w e l l a s t h e 
b o u n d i n g p r o c e d u r e . 
2 . The a c y c l i c s t r u c t u r e and t i m e v a r y i n g demand a l g o r i t h m may a l s o 
b e i m p r o v e d b y i n c r e a s i n g t h e c o n v e r g e n c e t i m e . T h i s c o u l d p r o b a b l y 
b e d o n e by u s i n g t h e d y n a m i c programming i d e a d e v e l o p e d b y C r o w s t o n 
and Wagner i n [ 7 ] . 
3 . C o m p a r i s o n o f t h e s e m e t h o d s w i t h t h e h e u r i s t i c m e t h o d s c u r r e n t l y 
p r o p o s e d f o r u s e i n m u l t i l e v e l p r o d u c t i o n s y s t e m ( t h a t i s i n m a t e r i a l 
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r e q u i r e m e n t s p l a n n i n g a l g o r i t h m ) w o u l d b e d e s i r a b l e . 
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APPENDIX A 
T h i s A p p e n d i x c o n t a i n s f i g u r e s c o m p a r i n g i n t e g e r m u l t i p l e p o l i c y 
v e r s u s i n t e g e r d i v i s o r p o l i c y i n s e r i e s s t r u c t u r e . The i n p u t d a t a a r e : 
S i ~ S e t up c o s t a t s t a g e 1 = 2 8 0 ( d o l l a r s ) 
h^ - I n v e n t o r y c a r r y i n g c o s t a t s t a g e 1 = 2 ( d o l l a r s ) 
D - Demand a t s t a g e 2 = 1 0 0 0 ( u n i t s p e r t i m e ) 
T - P r o d u c t i o n l e a d t i m e = .00% ( t i m e u n i t s ) 
D/P, 
I n t e g e r D i v i s o r 
P r e f e r r e d 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
F i g u r e A - l . S - , / S 9 = . 1 S i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
130 
6 0 0 0 
I n t e g e r D i v i s o r 
P r e f e r r e d 
h 2 / h 1 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
F i g u r e A - 2 . S n / S 9 = . 2 0 S i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
131 
F i g u r e A - 3 . S 1 / S 2 = . 5 0 S i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
132 
F i g u r e A - 4 . S - , / S 9 = 1 S i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
133 
I n t e g e r D i v i s o r 
P r e f e r r e d 
h 2 / h l 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
•7000 
•8000 
F i g u r e A - 5 . S - , / S 2 = 2 S i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
134 
8 0 0 0 
7 0 0 0 
S 6 0 0 0 
CO 
F i g u r e A - 6 . S - , / S 9 = 5 S i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
8000-
I n t e g e r D i v i s o r 
P r e f e r r e d 
D/P, 
. 9 9 
V h l 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
F i g u r e A - 7 . S / S = 1 0 S i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
1 3 6 
2 0 0 0 
1 0 0 0 
I n t e g e r D i v i s o r 


































- 8 0 0 0 
- 9 0 0 0 
- 1 0 0 0 0 
- 1 1 0 0 0 
- 1 2 0 0 0 
- 1 3 0 0 0 
-14000J 
- 1 5 0 0 0 
- 1 6 0 0 0 
- 1 7 0 0 0 
- 1 8 0 0 0 
- 1 9 0 0 0 
- 2 0 0 0 0 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
F i g u r e A - 8 . ^if^2 = * 1 0 N o n s i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
I n t e g e r D i v i s o r 
P r e f e r r e d 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
-20000J 
F i g u r e A - 9 , S ^ / ^ = . 2 0 N o n s i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
2 0 0 0 
1 0 0 0 
- 1 0 0 0 ; 
- 2 0 0 0 
- 3 0 0 0 
- 4 0 0 0 
- 5 0 0 0 , 
- 6 0 0 0 
- 7 0 0 0 
- 8 0 0 0 , 
- 9 0 0 0 , 
- 1 0 0 0 0 , 
- 1 1 0 0 0 , 
- 1 2 0 0 0 . 
- 1 3 0 0 0 
- 1 4 0 0 0 
- 1 5 0 0 0 , 
- 1 6 0 0 0 
- 1 7 0 0 0 
- 1 8 0 0 0 
- 1 9 0 0 0 
I n t e g e r D i v i s o r 
P r e f e r r e d 
20 3 0 40 h 2 / h i 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
- 2 0 0 0 0 J 
F i g u r e A - 1 0 . S , / S 9 * , 5 0 N o n s i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
I n t e g e r D i v i s o r 
P r e f e r r e d 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
F i g u r e A - l l , S^/S^ = 1 N o n s i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
I n t e g e r D i v i s o r 
P r e f e r r e d 
h 2 / h 1 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
F i g u r e A - 1 2 . s - j / s 2 = 2 N o n s i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
I n t e g e r D i v i s o r 
P r e f e r r e d 
V h i 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
- 2 0 0 0 0 ) 
F i g u r e A - 1 3 . S / S =5 N o n s i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
I n t e g e r D i v i s o r 
P r e f e r r e d 
I n t e g e r M u l t i p l e 
P r e f e r r e d 
h 2 / h l 
F i g u r e A - 1 4 . S } / S 2 = ^ N o n s i m u l t a n e o u s P r o d u c t i o n & C o n s u m p t i o n 
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APPENDIX B 
1 4 4 
THESIS 1 PROGRAM THL1 <INPUT,OUTPUT,TAP£5=INPUTtTAPt6=OUTPUT> C THIS PROGRAM OBTAINS THE OPTICAL LOT SIZE IN THE CASE OF AN ASSEM3LY C STRUCTURE. S I N G l E ITEM, STATIONARY DEMAND, CONTINUOUS REVIEW, I N -C FINITE H O R I Z O N . THE METHODOLOGY USED IN THE ALGORITHM IS A DYNAMIC C PROGRAMMING SUGGESTED BY W. e . CrOWSTON, M. H. WAGNER, AND A. HENSHAW 
C THIS PROGRAM REQUIRES THE USE OF FUNCTION "RED" FQUNO AT THE c c ENO OF PROGRAM "THESIS c c INPUT VARIABLES c c N = NUMBER OF STAGES S = SET UP COST c c H = INVLNTORY CARRYING COST OEM = DEMAND c 
c OUTPUTS 
TOTAL COST 
c c a = LOT SIZE DIMENSIN 5(1C) ,H(ir.) , Q (1C ) ,IQ(iC ),ZNi(lOI ,I4"IN<lv!> . I Q M A X ( I j ) OIMENSION LN(IG),LNMIN(1C) 
i 
READ (5,1)N FORMAT(12) 
2 
READ (3,2) (S(J),H(J),J=1,N) FORMAT(F̂,2,F6.3) 
3 
READ(5,I) OEM FORMAT(F7.G) 
Q(N)=SQRT(2*DE M*S TN)/H(N) IQ(N)=RED(Q(N) 
30UNDL=w ' 
i 3CUN0U=r O  1=1, N 
ZNi(I) =DEM*S (I) /SQRT (2 + DF ̂ SO/HOI +51RT (2* DEM*S (I) /H (I) ) *H (I) /Z 
30UN0L = 80UN0L + ZM (I) ZN2=0£M*S(I)/IQ(N)+:Q(N)*H(I)/2 30UN0U=30UNDU*ZNZ WRITE(6,75)ZN1(I),ZN2 
i 
75 <+ FORMAT(1HC,l5X,"ZNi",F9.2,5X,"ZN2",F9.2) 
CONTINUE OC 5 I=i,f; 
QMINi=SQRT(2*D£M*S(I>/H(I>) 
QMIN=AMAX1(QMIN1,Q(N) IQMI (I) =P£D(QMIf:) CT=ZN1(I)+d3UN0U-3OUNDL WFITE(6,7:)C  
70 
FORMAT (iHt ,li,X f,'C,,F23 .2) QM11=(2*CT)*2 
QM12=̂*H(I)*2*0EM*S(I) 
QMi3=(2*CT+S3=T(QMl«QMi2))/(2*H(I)) WRITE(6,7a)QMi,QM12,OMi3 
FORMAT (IHf ,15X,"QMli,,,F2C .2,5X,"0M12,,,F2 3.2, 5X , "QMl 3", FJu . 2 > QMi=QMl3 
IQMAX(I)=FED( IMi) WRIT£(6,82)IQMIN(I) ,IQMAX(I) 
83 FORMAT(1HC,ft ,"I IN",16,1C ,"IQHAX",I 6) 5 CONINUE KK =IQMAX(N) 
1 4 5 
KKMI=1QMIN(U) 
DO 6 1 I Q = K K M I , K K M A 
F N 1 = 0 £ M * S ( N ) / I I Q + I I Q * H ( N ) / 2 
N N = N - 1 
DO 7 1 = 1 , N N 
! L = 0 
1 1 L = L + i 
I Q ( D = L * I : Q 
I F ( I } ( I ) •GT• IQMAX < I ) ) G O TO 9 
FN2=OEM*-S ( I ) / I Q ( I ) + I Q C ) * H ( J ) / 2 
I F ( L . L E . i ) G O TO 1 0 
I F ( F N 2 . G T . F N 2 M I N ) G O TC 1 1 
1 3 FN2MIN=FN2 
L N ( I ) = L 
GC TO 1 1 
9 F N 1 = FNi + FN2MIN 
7 CONTINUE 
I F ( 1 1 Q • ^ Q « I Q M I N ( N ) ) G O TO 1 2 
I F < F : U . G T . F ! U i 1 l N ) GO TC 6 
1 2 CONTINUE 
OO 13 1 = 1 . N N 
L N r t l N ( I ) = L N < I ) 
1 3 CONTINUE 
F N 1 H I N = P N 1 
I Q N M I N = I I Q 
6 CONTINUE 
• 0 1 4 I = 1 , N N 
I O ( I ) = ' u ! J H I N ( I ) * I Q M M l M 
CONTINUE 
I Q ( N ) = I Q N M H 
W R I T E ( 6 , 1 5 ) F N 1 M I N 
1 5 F C ' M A ! ( 1 H 1 , 2 S X , " T O T A L COST = * \ F 1 2 , 2 ) 
00 1 6 I = ± , N 
wRiTE(5,:7) i . ia<:> 1 7 F G R ; i ( l T ( l H D . i f O X , " Q ( " , : 3 , " ) = " , 1 5 ) 




T H E S I S 2 
PROG *A M THE 2 ( I N P U T , O U T P U T . TA P r E 5 s I N P U T , J_ A P E 6 = OUT PUT) 
C T H I S PROGRAM CBTAINS LOT S I Z E S FCR THE CASE OF AN ASSEMBLY S T R U C T U R E " 
C S I N G L E I T E M , STATIONARY DEMAND. CONTINUOUS R E V I E W , I N F I N I T E HORIZON 
C THE MET HOJuLO&Y US=.0 IN THE ALGORITHM I S AN H c U h I S r I C MiTHOO CABLED 
C " S I N G L E P A S S " SUGGESTED 3Y U . S . CRQWS^JN, M._H. WAGNER, AND A, HEMSHAW 
C T H I S PROGRAM REQUIRES THE USE OF FUNCTION ' '%cO" AND SOUaRCUTINE 
C "QN'TN" FOUND AT THE END OF PROGRAM " T H E S I S k" 
C 
c 
C INPUT ' / A R I A 3 l £ S 
C N_= NUMBER OF STAGES 
C S = SET U ° COST 
C H - INVENTORY C A F ? Y I NG COST 
C DEM = DEMAND 
C OUTPUTS 
C TOTAL COST 
C Q = LOT S I Z E 
C 
C_ 
DIMENSION S ( l f ) , H ( 1 0 ) , K ( l u ) » K u ( I t ) , I Q ( i D ) 
R E A 0 ( 5 , 1 ) N 
1 4 6 
1 FORMAT(12) 
REA0(5,2) (S(J).H(J),J=1,N) 
2 T<F9.2,Fb.3) REA0(5,3>DEM 
3 
FGRMAT(F7 « 0) O  i* I-i,N 
K(I)=1 CONTINUE CAL  QNTN(S,K,H ,OEM,IQNJ,N» TMJ) O  5 KG(!)=<(!) 5 CONTINUE TNJMIN=TNJ IQNJM=IQNJ J = N 12 J = J-1 7 K ( J) =K( J) + 1 
CAL  QN7N(S,<.H.CEM,IQN|J,N, Tf.J) IF ( T N J • G E • T i4J f"I N) GO TC 6 TNJMIN=TJ IQNJM=IQNJ KQ ( J)=K(J) GO TO 7 6 K(J)=K(J)-1 IF(K(J) « E Q•1)3 0 TO 8 ID K (J>=K(J)-1 IF( <( J) • IQ.O ) GO TC 9 CAL  ONTNl3,K,H,DEM,IQNJt N,TNJ) IF(TNJ.GE.TNJMIN)GO TC 9 TNJMIN=TNJ IQNJM-IQNJ Kt (J)=K(J) GO TQ If 9 K(J)=K(J)+1 6 CONTINUE 
IF(J.EQ.l)GO TO 11 GO TO 12 -11 DO 15 I=iN i q m = K ; m*iQMJM 13 CONTINUE WRITE<6,1*0 TNJMIN i<t FCRMA7(1H1,2&X,"TOTAL CCST = ",F12.2) DO 16 I=i,N MRITE(6»17)I,2QC) 17 FORMAT (IHi , i . jX,"Q(" , I3, " ) = ",I5» 16 CONTINUE STOP END 
THESIS 3 PROGRAM f w£3 (I NCUT , OUT FU T , T APt b = IN DUT, T A °L 6 = C ij T PU T ) C THIS CROGrAM 0 3 T AIN S LOT SIZES FOR THE CASE 0 F A N _ AS S E "j 3 L_Y_S 7̂  UCT U R E_* C SINGLE ITcM, STATIONARY DEMAND, CONTINUOUS ic'VliTw." I N F Y n I T E" HCRIZC'  C THE MET HOOP LOG Y USED IN tmf ALGORITHM IS AN HEU.-'IaTjC METHOD CALL-Q C "MULTIPLE °ASS " SUGGESTED OY W . t?. CkO WS 7 ON, M.rt. WAGNER* AND JAC< C MILLIAMS . . 
C THIS PROGRAM REQUIRES THE USE OF FUf CTICN "ZED" AND SCUBRC-UTINE " 
C "QNTN" FOUND AT THE END OF PROGRAM "THESIS k" 
C ' ~~ " ' C INPUT VARIABLES 
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c N = NUMBEP OF STAGES c S = SET UP COST c 
H = INVENTORY CARRYING COST c DEM = DEMAND c OUTPUTS c TOTAL COST c 
Q = LOT S I Z E c c DIMENSION S C I C I , H < 1 0 ) ,K(in , K £ < i O > » I Q ( i i ) > 
RE A D (5 , i ) N i FORMAT(12) 
READ (5 , 2 ) (S(J ) ,H ( J ) , J= i ,N) 2 F C R M A T ( F 3 . 2 , F 6 . 3 ) READ ( 5 . 3 ) D E M 
3 F O R M A T ( c 7 . ? > 
OO * I = 1, N K ( I ) = i L CONTINUE 
CALL QN T N ( S » K , H , 0 Z M , I Q N J , N, T N J ) 
DO 5 1=1,N KC ( I ) = < ( ! > 5 CONTINUE 
T N J M I W = T N J 
I Q N J M = I Q N J 
L = l 1 5 J = N 
1 2 J = J - 1 
7 
<(J)=<(J)+1 
CALL Q N T N ( S , K ,H , D E M , I Q N J » N » T N J ) 
IF(TNJ•GE.TNJMIN)GO TC 6 T N J M I N = T N J 
IQNJM=IQNJ 
<((J)=K(J) 
GO TO 7 6 K ( J ) = K ( J ) - 1 
IF(K(J)•EQ•1)GO TO 8 ID <(J)=K(J)-1 IF(<(J).EO.n)GO TO 9 
CALL QNTN ( S , K, H , OEM, IC.NJ,N,TNJ) 
IF(TNJ.GE.TNJMIN) GO TC 9 
T N J M I N = T N J 
IQNJ.M = IQ,NJ 
K C ( J ) = K ( J ) 
GO to i: 9 
K ( J ) = K ( J ) + 1 
8 CONTINUc 
IF(J.EQ.i)GO TO 11 3 0 TO 1 2 1 1 
IFCL.tQ.DGO TO 1? 
IF(TTNNJM.EQ.7NJMIN)GC TC 11+ 1 3 T T N N J ' 1 = TNJMIN 
L=L + 1 
GO TO 15 l«f 3 0 15 I=1,N I Q C ) = < ; . ( I ) * - I O N J M 
1 6 CONTINUE 
Ŵ ITE(5.1 '3 ) T N J M I r' 1 6 FORMAT(1H1,2LX,"TOTAL CCST = ",F12.2) DO 19 I=1,N 
W ° 1 T E ( 5 , 1 7 ) I , I Q ( I ) 
1 7 
F0RMA7(1HU,<.CX,"Q(",I3,"> = " , I 5 ) 1 9 CONTINUE STOP 
1 4 8 
E N D 
T H E S I S k 
P R O G R A M T H E * * ( I N P U T , O U T P U T , T A P E 5 = I N P U T , T A P E 6 = O U T » U T ) 
C 
c 
T H I S P R O G R A M O B T A I N S L O T S I Z E S F O R T H E C A S E O F A N A S S E M B L Y S T R U C T U R E S 
S I N G L E I T E M , S T A T I O N A R Y D F M A N C , C O N T I N U O U S R E V I E W , I N F I N I T E H O c I Z C N 
c 
c 
T H E M E T H O D O L O G Y U S E D I N T H E A L G O R I T H M I S A N H E U R I S T I C M E T H O D C A L L E D 
" M O D I F I E D M U L T I P L E P A S S " S U G G E S T E D B Y W . 8 . C R O W S T O N , M . H . W A G N E R , A N O 
c 
c 
J A C K . . W I L L I A M S . 
c 
c 
I N P U T V A R I A B L E S 
N = N U M 3 E C O F S T A G E S 
C S = S E T U P C O S T 
C H - I N V E N T O R Y C A R R Y I N G C O S T -
C D E M = D E M A N D 
C O U T P U T S 
C T O T A L C O S T 
C Q = L O T S I Z E 
C 
O I M E N S I O N S ( l t ) , H < l C ) , K ( 1 C ) , K U ( 1 0 ) , I } ( 1 J > , 0 ( 1 ; ) 
R E A D ( 5 , 1 ) N 
1 F O R M A T ( 1 2 ) 
R E A D ( 5 , 2 ) ( S ( J ) , H ( J ) , J = 1 , N ) 
2 F O R M A T ( F 9 . 2 , F 6 . 3 ) 
R E A D ( 5 , 3 ) D E M 
3 F C R M A T ( F 7 . C ) 
K ( N ) =1 
Q ( N ) = S Q R T ( 2 * O L M * S ( N ) / H ( N ) ) 
I Q ( N ) = P . E D ( Q ( N ) ) 
N N = N - i 
O O k 1 = 1 , N N 
Q ( I ) = S Q R T ( 2 * D E M * S ( I ) / K ( I ) ) 
I Q ( I ) = R £ 0 ( Q ( I ) ) 
R P = I Q ( I ) / I Q ( N > 
K ( I ) = R E O ( R R ) 
I F ( K ( I ) . N E . : . ) G O r O k 
< ( ! ) = ! 
u C O N T I N U E 
C A L L Q N T N ( S , < , H , D E M , I Q N J , N , T N J ) 
D C 5 ' 1 = 1 , N 
K l ( I > = K < I ) 
5 C O N T I N U E 
T N J M l N = T N J 
I Q N J M = I Q N J 
L = l 
1 5 J = N 
1 2 J = J - 1 
7 < ( J ) = < ( J ) + 1 
C A u L Q N T iJ ( S , < » H , D E M » I G N J » N , T N J ) 
I F ( " " " N J « G E « T N J M I N ) G O T C 6 
T N J M I N = T N J 
I Q N J M = I Q N J 
Kb ( J ) = K ( J ) 
G O T O 7 
6 < ( J ) = < ( J ) - 1 
I F ( K ( J > • E G . 1 ) G O T O e 
1 0 < ( J ) = K ( J ) - 1 
I F ( K ( J ) « EQ«L" ) G 0 T O 9 
C A L L Q N T N ( S , < " , H , D E M , I Q N J , N , T N J ) 
I F ( T N J . G E . T N J M I N ) G O T C 9 
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T N J M I N = T N J 
I Q N J M = I Q N J 
K C ( J ) = K ( J ) 
GO TO 1 0 
9 K ( J ) = K ( J ) + 1 
8 CONTINUE 
I F ( J . E Q . i ) G O TO 1 1 
GO TO 1 2 
1 1 I F ( L . t Q . i ) G O 7 0 1 3 
I F ( T T N N J M . E Q . T M J N I N ) G C TO 1*, 
1 3 TTNNJM=TNJMIN 
L = L + i 
GO TO 1 5 
CONTINUE 
DC 1 6 I = 1 , N 
I Q ( I > = K f M I > * I Q N I J M 
1 6 C O N T I N U E 
WEI T £ ( 6 , 1 3 ) TN JH I N 
1 8 F O R M A T ( 1 H 1 , 2 0 X T " T O T A L COST = " , F 1 2 , 2 > 
OC 1 9 I = 1 , N 
W R I T E ( 6 , 1 7 ) I « : Q ( I ) 
1 7 FORMAT ( 1Hi- t < t 3 X « " Q ( " i I Z « " ) = " . 1 5 ) 
1 9 C O N T I N U E 
S T O P 
END 
C F U N C T I O N " R E D 
C 
F U N C T I O N R E D ( X ) 
I J = X 
R E S I = X - I J 
P 5 = . 5 
I F ( R £ S I . G £ . 3 5 ) G O t o 9 7 
R [ D = I J 
9 7 
GO TO 9 3 
R E D = I J + 1 






S O U B R O U T I M E "Q NTN" 
S U B R O U T I N E Q N 7 N < S » K, H ,DC M, IQ1J J , N , TN J> 
D I M E N S I O N S ( I J ) t K ( l i ) , H ( I t ) 
T 0 1 = -
TC2=U 
DO 2 0 1 = 1 t.N 
T 0 1 = T 0 1 + S ( ! ) / < ( ! ) 
2 3 
T 0 2 = T 3 2 + H ( I ) + K ( I ) 
C O N T I N U E 
U N J = S Q R T ( 2 * D E ' M * T O i / 7 C 2 ) 
I 0 N J = R E D ( O N J ) 
T H J = l 
DC 2 1 I = 1 . N 
2 1 
T N J = T N J t D E M * i ( I ) / ( < ( r ) * . T 0 ^ J ) + < C I » - I Q N J * W ( I ) / 2 
C O N T I N U E 
RETURN 
END 
T H E S I S 5 
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THIS PROGRAM OBTAINS LOT SIZES FOR THE CASE 









THE METHODOLOGY USED IN THE ALGORITHM IS A 
SUGGESTED 3, LEROY 6 . SCHWAFX AND LINUS SCH 
BRANCH 
\ AGE. 
AND BOUND METHOD 
c 
c INPUT VARIABLES 
c 
c 
N = NUMBER OF STAGES 
S = SET UP COST 
c 
c 
H = INVENTORY CARRYING COST 







Q = LOT SIZE 
0 1 MENS ION S ( l L ) , K ( l C ) , S S ( i 3 ) , H H ( i £ ) , < < l 
DIMENSION JIIQJlt ) , T G ( 1 G D C 2 ) , KG ( lOLfcu ) , j ) , IQ (1 
1 2 ( l C ) 
•)) f H Q C O ) ) 
DIMENSION IJQR(ir r »OC) 
READ(5,1>N 
1 FORMAT(12) 






DO 4 I = i , N 
S S ( I ) = S ( I ) 
H H ( I ) = H ( I ) 
k ( i ) = : 
C O N T I N U E 
7 Q = S Q R T ( 2 * S S ( N ) + C E M / H H ( N ) ) 
I Q ( N ) = R E D ( Q ) 
I S M A L L = I Q ( N ) 
I I = N 
N l = N - 1 
oo 5 i = i , r : i 
Q = S Q R T ( 2 * i S S ( I ) * D £ - M / H H ( I ) ) 
I Q ( I ) = R £ D ( Q 1 
I F ( < ( I ) • E Q • i ) G 0 " 0 5 
I F C I Q ( I ) . G E . I S M A L L ) G O T C 5 
I S M A . L l = I Q ( I ) 
1 1 = 1 
5 C O N T I N U E 
I F ( I S M A l L * G E « i Q ( N ) ) G 0 T O 6 
S S ( N ) = S S ( N ) + S L ; ( I I ) 
H H < N ) = H H (f!) - M H ( I I ) 
K ( 1 1 ) - i 
G O T O 7 
6 J = 0 
D O 9 1 = 1 , N 
I F ( < ( I > . E Q . i ) G O T O 
I I Q ( I ) = I Q ( I ) 
G O T O 5 
9 1 1 Q ( I ) = I Q ( N ) 
6 C O N T I N U E 
D O 8 3 L l = l , N 
W R I T £ ( 6 , 3 2 ) L I , I I Q ( L I ) 
8 2 F O R M A T ( I H T , i + 0 X , " O ( " , I 3 , " ) = " , I 5 ) 
8 3 C O N T I N U E 
M = Q 
D O 1 C 1 = 1 , N i 
I F ( K ( I ) . E O . D G O T O If. 
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C A M I S 1 = I I Q ( I ) 
C A H I 3 2 = I I Q ( N ) 
R R = C A M I S I / C " A M I S Z 
W R I T E ( 6 , 6 5 ) R R 
85 F O R M A T ( 1 H L , 3 C X , " R P = " , F 9 . 3 > 
I R 1 = R E D ( C . P ) 
W R I T E ( 6 , 9 < - ) I R 1 
9 4 FORMAT (1H I , 3 C X , " I R 1 = M 7 ) 
R R 2 = R R - I R 1 
RR3 = ABS (RF 2 ) 
WRITE(6tit)RR3 
9 6 F O R M A T ( I H f , 30 X »"RR3 = ' \ F 9 . * ) 
P P 5 = . u 5 
I F t R R ' . L t . P ^ S l G O TO 432 
M = M + 1 
I 4 ( M ) = I 
GO TO l u 
K ( I ) = I R 1 
10 CONTINUE 
W R I T E ( 6 , 9 5 ) M 
9 5 FORMAT ( I H i ,5i.-X , " * = " . 1 2 ) 
JS=l! 
J = D 
K1MIN=0 
K ( N ) = 1 
I F ( M . G T . O ) G J TO 1 1 
W R I T E ( 5 . 1 2 ) 
12 
F O R M A T ( 1 H 1 , 2 5 X , " f V t ^ V T H I N G GPzAT") 
CALL r N ( S » G E M , N , H , K » T C r , : j Q ) 
W R I T E ( 6 . 1 3 ) T O T 
13 FORMAT ( IHf ; . i Ij X . " T O T AL CCS' = " . F 1 2 . 2 ) 
OO 1 4 I = 1 . N 
W R I T E ( 6 , 1 5 ) I . H Q ( I ) 
15 FORMAT ( 1 H I . * r l X , "Q ( " , I 3 . " ) = M . I 5 ) 
14 CONT INUE 
GO TO 35 
1 1 1 = 1 
3C CONTINUE 
OO 16 JV/ = I ,M 
I F ( I • E Q . J V ) G C TO 16 
I P = I 4 ( j y / ) 
K ( I R ) = 1 
16 CON' INUw 
J A N A = I 4 ( I ) 
C A M I S 1 = I I Q ( J A N A ) 




W R I T E ( 6 , 7 1 ) ( K ( J J ) , J J = i . \ ) 
71 FCRMAT (1H1 , 5 X . l ' " ( 3 4 ) ) 
CALL T N ( S , O E M , M . H . K , " C r . l J Q ) 
J = J + 1 
JS=JS+i 
T G ( J ) = T O T 
K G ( J ) = K i M I N * i : + K ( J A N A ) 
I J Q R ( J ) = 1 J Q 
< ( J A N A ) = < ( J A N A ) + 1 
I F ( J S . L E . 5 ) G O TO 42? 
JS = 0 
K ( J A N A > = < ( J A N A ) - 6 
1 9 I F ( K ( J A f i A ) . L c . O ) GO TO 1 & 
J = J + 1 
J S = J S + 1 
1 5 2 
CALL T N ( S , D E M , N , H , K , T G T . l j q > 
T G ( J ) = T O T 
KG( J ) = < 1 M I N * 1 C + K ( J A N A ) 
I J Q R ( J ) = I J Q 
K ( J A N A ) = K ( J A N A ) ~ i 
I F ( J S . L £ . 5 ) G 0 T Q j 9 
J S = 0 
1 8 KGMIN=KG f J ) 
TGMIN = T G ( J ) 
DO 2 0 K K = 1 , J : £ 
I F ( T S ( K K ) . G E . T G M I N J G O TO ZZ 
TGMIN = TG(KK) 
KKK=~KK 
KG MI M = KG ( KK) . 
I J Q M I N = I J Q R ( K K ) 
2D CONTINUE 
K1MIN=KGMIN 
OO 2 1 LL = 1 , J ; 
I F ( L L - K K K ) 2 2 , 2 1 » 2 3 
2 2 LLL=LL 
GO TO 2 H 
2 3 L L L = L L - 1 
2 4 T G ( L L L ) = T G ( L L ) 
K G ( L _ L ) = K G ( L _ ) 
2 1 CONTINUE 
J = J_-1 
3 0 2 5 I 9 = 1 , M 
I F ( K G M I N . G E . l ) G O TO 2 6 
GO TO 2 7 
2 6 KLM = ' < G M I N - K G M I N / l C » l ? ; 
I 2 C 9 ) = < L M 
KGMIN = K G M I N / 1 L : 
2 5 CONTINUE 
CZV = 1 
2 7 CONTINUE 
1 9 1 = 1 9 - 1 
DO 2 9 J 3 = 1 , I 9 1 
J 9 4 = I 9 - J 3 : 
J 9 5 = I 2 ( J 9 4 ) 
J 9 6 = I 4 ( J 3 ) 
K ( J 3 6 ) = J 9 5 
2 9 CONTINUE 
I F ( C Z V . E _ « 1 ) G Q TC 3 1 
1 = 1 9 . ^ 
GO 7 0 3& 
3 1 W R I T : ( 6 , 3 2 ) T G M I N 
3 2 F O R M A T ( i H l , E i X , " T O T A L COST = " , F 1 2 . 2 ) 
0 0 4 3 : 1 = 1 . N _____ 
J I I Q ( i » = < ' ( I » * : J Q > I N ' " " 
4 5 0 CONTINUE 
0 0 3 3" 1 = 1 , N 
WRITE ( 6 , 3 4 ) I . J I I Q ( I ) 
3 4 FORMAT ( I H l , M X , "Q ( " , 1 3' , " ) = " , I 5 ) 
3 3 CONTINUE 
3 5 CONTINUE 
STQQ _ 
END " " "" 
C 
C SUBROUTINE " T N " 
C 
SUBROUTINE T N ( S , D E M , N , H , K , T O T , I J Q ) "~ ~ ' 
DIMENSION S ( 1 L ) , H (1C ) , J < (1C > 
T O T l = j " 
T 0 T 2 = u 
153 
DO 99 1=1«N 
TOTl=TOTl+sm»OfH /K :<I) 
T O T 2 = T O T 2 + H ( I ) * K ( I ) / 2 




DO 10L 1=1,N 




C FUNCTION " R E D " 
C 
FUMCTION REO(X) 
I J = X 
R £ S I = X - I J 
P 5 = . 5 
I F ( R E 5 I « G E « 3 5 ) G Q t q 9 7 
R E D = I J 
GC TO 9 o 





T H E S I S 6 
PROGRAM THE6 ( I N P U T , 0 U^ P U T , T A PE 5-IN PU7t T APE6 =0 LIT PUT ) C c c T H I S PROGRAM OBTAINS LOT S I Z E S FOR THE CASE OF A S I N G L E I T E M . STATIONARY DEMAND, CONTINUOUS R E V I E N ASSEMBLY W, I N F I N I T E S T R U C T U R E , H O R I Z O N . c c THE METHODOLOGY USED I N THE ALGORITHM I S A GRuUP SUGGESTED 9Y LEROY 3 . SCHWARZ AND L I N U S SCHRAGE. CF MYOPIC P O l I C I F S c c I N ° U T V A R I A 3 L E S c c N = NUMBER OF STAGES S - SET UP COST c c H = INVENTORY CARRYING COS 7 DEM = DE MA ND c c OUTPUTS TOTAL COST c c Q = LOT S I Z E 
DIMENSION S d C ) ,H (1C: ) , R r : ( l Q ) , K ( 1 U » , I Q ( 1 j > 
R E A 0 ( 5 , 1 > M 
1 F O R M A T ( 1 2 ) 
READ ( 5 , 2 ) ( S ( J ) , H ( J ) , J = 1 , N ) 
2 F O R M A T ( F 9 . £ , F 6 . 3 ) 
RE A O ( 5 , 3 ) O E M 
3 F O R M A T ( F 7 . 0 ) 
T 0 1 = G 
T O 2 = 0 
N l = N - 1 
DO k 1 = 1 , N l 
R M ( I ) = S ( I ) * H (N) / ( S ( N ) * H ( I ) ) 
5 
K ( i ) = ; 
K ( I ) = K ( I > + 1 
K K = K ( I ) * ( K ( I ) + 1 ) 
I F t K K . L T . R M O ) G C TO 5 
T 0 1 = T G 1 + S (I)/K(I) 
T 0 2 = T 0 2 + K ( I ) * h ( I ) 
CONTINUE 
K ( N ) = 1 
Q l = S Q R T ( 2 * U E M * T 0 i / 7 C 2 ) 
I Q ( i) -R.ED ( Q l ) 
CT = J 
DO o 1 = 1 , N 
I Q ( I ) = K ( I ) * I Q ( N ) 
CT = CT + S(I)*Dr. M / I Q ( I ) + H ( I » * - I Q ( I ) / 2 6 CONTINUE W R I T £ ( 6 » 7 ) C T 
7 F O R M A T ( 1 M 1 , 2 5 a , " T O T A L CCST = " , F i 2 . 2 > 
DO 3 1 = 1 , N 
9 
WRITE ( 6 , i)I,IQ(I) 






FUNCTION "RE C " 
C FUNCTION R E D ( X ) I J = X 
155 
R £ S I = X - I J 
P5 = . 5 
I F ( R E S I . G E . P 5 ) G 0 TO 97 
R E D = I J 
GO TO 93 




T H E S I S 8 
PROGRAM T HE'S ( I N P I J T , OUT P U T , T A ?E 5 = I n PUT, T APE 6 =C UT PU T ) 
C 





J U S T ONE WAREHOUSE, S I N G L E I T E M , STATIONARY DEMANDS, CONTINUOUS 
I E W , I N F I N I T E H O R I Z O N , THE METHODOLOGY J S E D I N THE ALGORITHM I S 
c 
c 
SUGGESTED BY LE.ROY 3 . SCHWARZ 
c 
c 
I N P U T VARIABLES 
N = NUMBEp 0F STAGES 
c 
c 
S = SET UP COST 
H = INVENTORY CARRYING COST 
c 
c 





LOT S I Z E AT STAGE 1 (WAREHOUSE) 
c 
c 
K = INTEGER M U L T I P L I E R S 
O I M E N S I O N S111 ) ,H ( 1 ? ) , 3 ( 1 C ) , T _ ( i _ ) , I I ( i j J f C S J M I N ( 1 0 ) 
0 1 ME NS I CN K K ( l S ) 
1 
R E A D ( 5 , 1 ) N 
F O R M A T ( 1 2 ) 
2 
R E A 0 ( 5 , 2 ) ( S ( J ) f H ( J ) , J = 1 , N ) 
F O R M A T ( F 9 . 2 , F 6 . 3 ) 
3 
R E A O ( 5 , 3 ) ( D ( J ) , J = 2 , N ) 
F O R M A T ( F 7 • G ) 
D ( l ) = c 
0 0 4 1 = 2 , fJ 
0 ( i ) = D ( l ) + D ( I ) 
CONTINUE 
T W = S Q R T ( 2 + S ( l ) / ( C ( l ) * H ( l ) ) ) 
J=C 
DO 5 i = 2 , N 
T 1 ( I ) = 3 Q R T ( 2 » S ( I » / ( 0 ( I ) * H ( I ) ) ) 
I F ( T K I ) • L E . T W > G C TO 5 
J = J + l 
5 
I I ( J ) - 1 
CONTINUE 
I F ( J . L t . < - ) G O TO 3 3 
TS = TW 
33 
GO TO kk 
T 0 T 1 = . 
T 0 T 2 = J 
0 0 6 1 = 1 , J 
L = I I ( _ ) 
T 0 T 1 = T 0 T 1 + S ( L ) 
6 
T 0 T 2 = T 0 T 2 + H ( L ) * D ( L ) 
CONTINUE 
TS= S O R T ( 2 + ( S ( 1 ) + T 0 T 1 ) / ( h ( 1 ) + D ( 1 ) + T 0 T 2 ) ) 
CT = 0 
1 5 6 
00 7 1 = 2 , N 
K = Q 
10 K=K + 1 
C R J = < * 3 ( I ) / T S + H ( I ) * D ( T ) * T S / ( 2 * K ) 
I F < K . E C U l ) G O TO S 
I F ( CR J • GE • C ' . J M I N ( I ) >GC TO 9 
8 C R J M I N ( I ) = C R J 
K K ( I ) = < 
GO TO 1G 
9 C T = C T + C R J M I N ( I ) 
7 CONTINUE 
C T = C T + S ( i > / T S + H ( 1 ) » D ( l ) * " » ' S / 2 
I W L O = T S * D ( 1 ) 
W R I T E ( 6 , 1 2 ) C T 
1 2 F O R M A T ( 1 H 1 . 2 5 X , " T O T A L COST = " , F 1 2 . 2 ) 
W R I T E ( 6 « 6 < / ) IWLO 
8C FORMAT ( l H u , 2 5 X , " L O T SIZE. AT WAREHOUSE = " , I 6 ) 
DO 1 3 1 = 2 , N 
W R I T E ( 6 , 1 4 ) I , K K ( I ) 
1 4 F O R M A T ( 1 H I , 2 5 X , " K ( 1 " , I 2 , " ) = " , I 2 ) 
1 3 CONTINUE 
STOP 
END 
T H E S I S 9 
PROGRAM T H E 9 ( I N P U T , O U T F U 7 , T A ? E 5 = I N P U T , 7 A P £ 6 = CUTPUT) 
C 
C T H I S PROGRAM 0 3 T AIN S OPTIMUM 1 0 ^ S I Z E S FOR THE CASE OF SE V r R A L 
c R E T A I L E R S AND J U S T ONE WAREHOUSE, S I N G L E I T E M , STATIONARY DEMANDS. CON 
c TINUOUS R E V I E W , I N F I N I T E HORIZON, T n c ME THODOLCG Y USEO I N THE ALGO^ITHH 
c I S THE -RANCH AND dOUNO ALGORITHM SUGGESTED 3Y ST:. 0 H l N C . GRAVES 
c AND uEROY 3 . SCHWARZ, 
c 
c I N P U T V A R I A B L E S 
c N = NUMBER OF STAGES 
c S = SET -UP- COST 
c H = INVENTORY CARRYING COST 
c 0 = DEMAND 
c OUTPUTS 
c LOT S I Z E AT STAGC 1 (WAREHOUSE)-
c TOTAL C O S T 
c K = I N T E G E R M U L T I P L I E R S 
c 
DIMENSION S ( 1 C ) , H ( 1 C ) , D ( l L ) * JK(ll< ) , 3 MIN ( 1 C ? C ) » K G ( 1 J i ; ) , 1 2 ( u ) 
R E A D ( 5 , 1 ) N 
1 FORMAT ( 1 2 ) 
REA D ( 5 , 2 ) ( S ( J ) , H ( J ) , J = 1 .M) 
2 F C R M A T ( F 9 . 2 . F 6 . 3 ) 
R E A D ( 5 , ? ) < L < J ) , J = 2 , N ) 
3 FORMAT ( F 7 . C ) 
0 ( 1 ) =i 
0 0 4 1 = 2 , N 
J K ( I ) = 1 
0 ( 1 ) = C ( 1 1 + 0 ( 1 ) 
4 CONTINUE 
1 1 = 2 
J = l 
J S = 0 
K1MIN=3 
39 K 1 = J K ( I I ) 
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6 CONTINUE 
CALL O L S H ( S , H , I I , J K , B L . D , N ) 
J S = J 3 + 1 
3 M I N ( J ) = 3L 
KG< J ) = < 1 M I N * 1 J I + K 1 
K l = K i + i 
I F ( J S . E Q . 9 ) G 0 TO 5 
J = J + 1 
J K ( I I > = K 1 
GO TO 6 
5 J S = C 
B M I N H I = 3 M I N ( J ) 
K J M I N = K G ( J ) 
OO 7 K K = 1 , J 
I F C B M I N ( K K ) . G E . B M I N M D G O TO 7 
3MINMI = 3 ' i I N ( K K ) 




DO 8 LL = 1 « J 
I F ( L - . - K K K ) 9« 3 , 1 C 
10 L L L = L L - 1 
GO TO 1 1 
9 LLL=LL 
1 1 B M I N ( u L L ) = 8 M I N ( L L ) 
K G ( L L L ) = K G ( L L ) 
8 CONTINUE 
J = J - 1 
DO 1 2 1 9 = 2 , N 
I F C K G M I N . L T . l ) G O TO 1 3 
RLC1 =KGMIN 
RLC = R L C i / l L 4 , 
I L C V = ; L C 
R R L C = % L C - I L C V 
R L C 2 = R R L C * i : : . 
K L M = < G M I N - K G M I N / l C * l O 
I 2 C I 9 ) = K L M 
KGMIN=RLC 
1 2 CONTINUE 
GO TO 3 i L 
1 3 CONTINUE 
DO I k I N = 2 , N 
J K ( I N ) = 1 
1 4 CONTINUE 
I Z = 1 
1 9 1 = 1 9 - 1 
OO 1 5 J 3 = 2 , I 9 1 
J 9 4 = I 9 - I Z 
J K ( J 3 ) = 1 2 ( J 9 4 ) 
iz=:z*i 
1 5 CONTINUE 
1 1 = 1 9 
GO TO 3 9 
3 1 0 C O N T I N U c 
_ DO 1 6 J 9 9 = _ , N 
J K ( J 9 j ) = 1 
1 6 CONTINUE 
I Z = C 
OO 1 7 J 3 = 2 » N 
J 9 4 = N - I Z 
J K ( J 3 )_= 1 2 ( J 9 4 ) 
I Z = I Z + 1 
1 7 CONTINUE 
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J < < 1 ) - l 
TOT l = t ' 
TCT2=w' 
DC 1 8 I = 1 , N 
T O T l = T O T i + J < C ) *S ( I ) 
T O T 2 = T O T 2 + H ( I ) » D ( I ) / ( J K ( I ) » C ( 1 ) ) 
1 8 CONTINUE 
Q N S = S Q R T ( 2 * D ( l ) * T O T l / T O T 2 ) 
Q N 5 T = A I N T ( Q M S ) 
C T = T O T l * D ( i ) / Q N S T + T C T 2 » O N S T / 2 
I Q N 3 T = Q N S T 
WRITE ( 6 , 1 9 ) I Q ( . ' S T , C T 
1 9 F O R M A T ( 1 H 1 , 2 C X , " W A R E H O U S E LOT S I Z E = " , 
- 2 ) 
I 5 , 1 C X , " T 0 T A L COST = " , F l 2 . 
OO 2D I = 2 , N 
W R 1 T E ( 6 , 2 1 ) I , J K U ) 
2 1 
2 0 





C SUBROUTINE " B L S H " 
C 
SUBROUTINE 3LSH(S,H,II,JK,3L«0,N) DIMENSION S(1L),H(1C)9JK(12),O(10) 
3H = S ( 1 ) 
HH=H(1) 
DO 30 1 = 2 , 1 1 SH=SHTJ<("»+S(I) 
HH=HH+H(I>*D(1)/(JK(I)*D<1)> 
83 CONTINUE 
BL=SQRT(2*SH*D(1)*HH) .Ml 2 = 1 1 + 1 DO 6 1 I = N 1 2 , N 
8 1 




T H E S I S i n 
C 
PROGRAM THE10 ( I N=*UT , OUT PUT , T A P£ 5 = 1 N = UT , T A ? E 6 = 0 J T P U T ) 
c 
c 
T H I S 
J U S T 
PROGRAM OBTAINS <_CT S I Z E S FOR THE CASE 
ON- WAREHOJSt. , S I N G u F I T E M , STATIONARY 
OF SEVERAL R E T A I L E R S AMD 
0=MAN OS, C 0 S T I M U 0 U 3 
c R E V I E W , I N F I N I T E H O R I Z O N . THE MET HOGQL3GY J SED I N THE ALGORITHM I S 
C A GROUP OF MYOPIC P O L I C I E S SUGGESTS D_ a Y STEPH EN C ._ GR A j / L S A NO 
C LEROY B , SCHWARZ. 
C C INPUT VARIABLES C N = Nl'M 3 f R CF STAGES C "S = SET"UP COST C H = INVENTORY CARRYING COST 
C D = DtMAND 
C OUTPUTS C LOT SIZE AT STAGE 1 (WAREHOUSE) 
C TCTAL COST 
C K = I N T E G E R M U L T I P L I E R S 
c 
DIMENSION S ( 1 C ) , H ( 1 ? ) , D ( 1 C ) , K ( 1 C ) 
R E A 0 ( 5 , 1 > N 
1 5 9 
1 F O R M A T ( 1 2 ) 
R E A D ( 5 , 2 ) ( 3 ( J ) , H ( J ) , J = 1 , N ) 
A 
2 F O R M A T < F 9 . 2 , F 6 . 3 ) 
R E A D ( 5 , 3 ) ( 0 ( J ) , J = 2 , M ) 
3 F O R M A T ( F 7 . D ) 
D ( i ) = : 
DO 4 1 = 2 , N 
0 ( 1 ) = D ( 1 ) + 0 ( 1 ) 
CONTINUE 
0 0 5 1 = 2 , N 
RM = S < i > * ( 0 ( 1 ) / 0 ( 1 ) ) * H ( I ) / < 3 ( 1 > + H ( i ) ) 
K ( I ) = 1 
6 K K = < ( I ) * ( K ( I ) + 1 ) 
I F ( K K . G E . R M ) G O TC 5 
K ( I ) = < ( I ) + 1 
GO TO 6 
5 CONTINUE 
T O T i =C 
T 0 T 2 = J 
K ( l ) = l 
DO 7 1 = 1 , N 
T O T l = T O T l + K ( I ) * S ( i ) 
7 
T 0 T 2 = T 0 T 2 + M ( I ) + 0 ( I ) / ( K ( I ) * 0 ( 1 ) ) 
CONTINUE 
QNS=SQRT ( 2 * D ( i ) M 0 T l / T 0 T 2 ) 
QNS T = AI NT (QNS) 
C T = T 0 T 1 * D ( i ) / Q N 3 T + T 0 T 2 + Q N S T / 2 
I Q N S T = Q N S ~ 
1 9 
WRITE ( 6 , 1 9 ) I Q.N S T , C T 
FORMAT(1 H I , 2 0 X , " W A R E H O U S E LOT S I Z E = 1 9 , 1 C X , " T O T A L COST = " , r l 2 . 
- 2 ) 
DO 2C I = 2 , N 
2 1 
W R I T E ( 6 , 2 1 ) I , K ( I ) 
FORMAT(1H( , 2 5 X , " K < 1 " , I 2 , " ) = " , I 2 ) 
20 CONTINUE 
S T O P 
END 
T H E S I S i i 
PROGRAM T HE 1 1 ( I N=>UT , C U ' P U T , 7 A ^ £ 5 = 1NPUT , T A 3 E 6 = 0 U T P U T ) 
C 
c T H I S PROGRAM OBTAIN LOT S I Z E S FOR THE CASE J F SEVERAL R E T A I L E R S AND 
c 
c 
J U S T 
R E V I 
ONE. ' WAREHOJSt , S I N G L i I T E M , STATIONARY 
EW, I N F I N I T E HORIZOff, THE METHODOLOGY U 
DEMANDS, CONTINUOUS 
SEO I N T H E ALGORITHM T c; 
c 
c 
A GROUR OF M O D I F I E D MYOPIC P O L I C I E S SUGGEST 
AND LCROY J . SCHAKZ 
EG BY STEPHEN C . GRAV ES 
c 
c IN=>UT VARIABLES 
c 
c 
N = NUM Bf c OF STAGES 
S = SLT UP COST 
c 
c 
H = I N V E N r O - Y CAFPYir .G COST 




LOT S I Z E AT STAGE 1 ( WAi-.EHOUSE) 
c 
c 
TOTAL C O S " 
X = I N T E G E R M U L T I P L I E R S 
c 
D I M E N S I O N S ( 1 : ) , H ( 1 i? ) , 0 ( 1 C ) , K ( i C ) 
1 
R E A D ( 5 , 1 ) K 
F O R M A T ( 1 2 ) 
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R £ A D ( 5 , 2 ) ( S ( J ) , H ( J ) , J = 1 , N ) 
2 FORMAT ( F 9 . £ , F 6 . 3 ) 
R E A 0 ( 5 , 3 ) ( D ( J ) , J = 2 , N ) 
3 F O P M A K F 7 . 0 ) 
C O N T l = l 
0(1)=c DO 4 1 = 2 , N 
D ( l ) = J ( 1 ) + 0 ( 1 ) 
4 CONTINUE 
0 0 5 I = 2 , N 
RM = 3 ( 1 > M O ( 1 ) 7 0 ( 1 ) ) * H ( I ) / ( 5 ( I ) * H ( i ) ) 
K ( I ) = 1 
6 KK = K ( I ) M K ( I ) + i ) 
I F ( K K . G E . R M ) G O TO 5 
K ( I ) = K ( I ) + 1 
GC TO 6 
5 CONTINUE 
1 1 T 0 T 1 = C 
T 0 T 2 = D 
K ( l ) = i 
DO 7 1 = 1 , N 
T C T 1 = T 0 T 1 + K ( I ) * S ( I ) 
T G T 2 = T 3 r 2 + H ( I ) + 0 ( I ) / ( K ( l ) * D ( i ) > 
7 CONTINUE 
Q N S = S Q R 7 ( 2 * 0 ( 1 > * 7 0 7 1 / 7 0 7 2 ) 
QNS T = AI NT ( QN3 ) 
C T = T 0 T 1 * 0 ( 1 ) / Q N S T + 7 0 T £ * 0 N £ T / 2 
I F ( C 0 . N T 1 . E Q . 1 ) GC 7 0 3 
I F ( C T . L T . C T M I N ) GC TO 6 
GO TO 1 4 
6 CTMIN=CT 
C 0 N T 1 = C 0 N T 1 + 1 
0 0 9 1 = 2 , N 
R M = ( H ( I ) * E ( I ) * 0 > S 7 * » 2 ) / ( ? » S ( I ) * 0 ( I ) * * 2 ) 
< ( i ) = l 
li> KK = K ( I ) * ( K ( I ) + 1 ) 
I F ( K K . G E . F M ) GO TO 9 
K ( I ) = < ( ! ) + ! 
GO TO 1": 
9 CONTINUE 
GO TO 1 1 
1 4 CONTINUE 
I Q N 3 7 = Q N 3 7 
W R I 7 E ( 6 , 1 9 ) I Q N S T , C T 
1 9 F O R M A T ( 1 H 1 , 2 C X."WAREHOUSE LOT S I Z E = " , I 9 , 1 C X , " T O T A L COST = " , F 1 2 . 
- 2 ) 
DO 2 c 1 = 2 , N 
W R I T E ( 6 , 2 l ) I . K ( I ) 




T H E S I S 1 2 
PROGRAM T H E ! 2 ( I N ° U T , C U T P U T , T A P E 5 = 1 N 3 U T , T A P c 6 = 0 U T P U T ) 
C 
C T H I S PROGRAM O B T A I N S LOT S I Z E S FOR THE CASE OF AN A S S E M B L Y "S'TRUCTU'RE 
C ^ S I N G L E I T £ M , S T A T I O N A R Y DEMAND, C O N T I N U O U S <E VIEW, , I N F I ^ I j E _ H Q R I ZCN« 
C THE METHODOLOGY " U S E D I N THE ALGORITHM I S A DYNAMIC PROGRAMMING 
C APPROACH S U G G E S T E D BY R I C A R C C R . L C F ^ Z . 
161 
C 
c I N P U T VARIABLES 
c N = NUMBEP OF STAGES 
c S = SET U=> COST 
c H = INVENTORY CARRYING COST 
c OEM = DEMAND 
c OUTPUTS 
c TOTAL COST 
c Q = LOT S I Z E 
D I M E N S I O N S ( l ( ) , H ( 1 C ) , < ( 1 C ,1CL'D ) t T ( 1 0 , 1 0 0 0 ) , I Q ( i C ) 
READ ( 5 . 1 ) N 
1 F O R M A l ( 1 2 ) 
R E A D ( 5 , 2 ) ( S ( J ) , H ( J ) , J = 1 , N ) 
2 F O R M A T ( F 9 . 2 , F 6 . 3 ) 
R E A D ( 5 , 3 ) D E M 
3 FORMAT ( F 7 . C ! ) 
DO k I = 1 , N 
Q l U = S Q R T ( 2 » 3 t M » S ( I ) / H ( I ) ) 
i F d . E Q . D G O TO 5 
I F ( Q L U . G T . Q I U ) G O TO 5 
I F ( Q U U , L T • Q I U ) G O TO 6 
GO TO k 
5 Q L U = Q I U 
I F ( I « N E . 1 ) G 3 TO k 
6 QUU=QIU 
k CONTINUE 
I Q L U = R E O ( Q I U ) 
I Q U U = R E D ( Q U U ) 
W R I T E ( 6» « 7 ) I Q L U , I Q U U 
kl F O R M A T ( 1 H 1 , 2 3 X , 1 6 , I 6 ) 
I O I F = I Q U U - I Q l U 
I Q L U l = I Q L l ' - . 2 * I O I F 
I Q U U = I Q U U + . I * : O I F 
IQLU = M A X _ ( 1 , I Q U U D 
J = C 
1 0 J = J + i 
J A = J - i 
DO 7 I = I Q L U , I Q U U 
R L C = S Q R T ( 2 * S ( J ) * D E M / ( I * * 2 * H ( J ) ) ) 
K R E 3 = v . E D ( p . l C ) 
K ( J , I ) = M A > . J ( i . K r . c 0 ) 
I F ( J . N E . i ) G O ~o e 
T ( J , I ) = S ( J ) * O E M / ( K ( J , I ) « I ) + K ( J , I ) * I * H ( J ) / 2 
GO TO 7 
6 I F ( J . £ Q , N ) G O TO 9 
T ( J , I ) = S ( J ) * D E M / ( K ( J » I ) " I ) + K ( J , I ) * I * - H < J ) / 2 + T ( J A , I ) 
GO T O 7 
9 T ( J , 1 ) = S ( J ) * O E M / I + 1 * H ( J ) / 2 + 7 ( J A , I ) 
7 CONTINUE 
I F ( J . N E . N ) G O T O 1 * 
T C P = T ( N , I Q U U ) 
DO 1 1 I = I Q L 1 J , I Q U U 
I F C T O P . L T . T ( N . I ) ) G O TO 11 
T O P = T ( N , I ) 
I Q O P = : 
1 1 CONTINUE 
NN = N - i 
DO 1 2 J J = 1 , N N 
i o ( J J ) = I Q U P * < ( J J , i g o * ) 1 2 CONTINUE 
I Q ( N ) = I Q O P 
WRITE ( 6 , 3 2 ) T O P 
3 2 F O R M A T d H i , 2 C X , " TOTAL C O S T = " , F 1 2 . 2 ) 
DO 3 3 I = i , N 
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3k 
W R I T E ( 6 , 3 4 ) I , 
FORMAT(1HC *kU 
I Q ( T ) 
X , " Q ( " , I 3 , " ) = ",I5I 
35 CONTINUE 





FUNCTION " R E O " 
FUNCTION R E D ( X ) 
I J = X 
R E S I = X - I J 
P 5 = . 5 
I F ( R E 3 I . G E . P 5 ) G O TO 97 
R E D = I J 
97 
GO TO 95 




T H E S I S 1 3 
PROGRAM T H E 1 3 ( I N P U T , O U T P U T , T A o £ 5 = I N P U T , T A P E 6 = 0 U T ^ U T ) 
C 
C T H I S PROGRAM MAKE S A C O M O A P I S C N PET WEEN MULTIPLE A N D D I V I S O R 
C P O L I C I E S FO~ Trt£ CAS!"! CF 7WC u V c L , TWO STAGE S Y S T E M , SIMULTANEOUS 
C AND NONSIMULTANEOUS PRODUCTION AND CONSUMPTION. 
C B A S 3 I C A L L Y THE DATA HAS BEEN TAKEN FROM AN S P E C I F I C PR03LEM ASS IGNED 
C AS A HOMEWORK I N S P R I N G - 7 7 , I S Y c 63fc 3 BY 3 R J r . LVrtWQtO A. JOHNSON. 
C THE R A T I O S TESTED I N ^ T H I S ° F 3 G R A M ARE A 2 / A 1 , H 2 / H 1 , AND 0 2 / D 
C 
C I N P U T V A R I A B L E S 
C ROP = U T I L I Z A T I O N R A T I O 
C R H = I N V E N T O R Y R A T I O 
C RA = SET UP COST F A T I O 
C OUTPUTS 
C THE S P E C I F I C VALUES OF THE R A 7 I J S 
C T C T A l C O S T , U S I N G M U L T I P L E = O . I C Y 
C 7 0 T A L C O S 7 , USIr .G D I V I S O R POLICY 
C C O S f D I F F E R E N C E S 
C 
D I M E N S I O N RQP17),RH(7),RA(7) 
A l = 2d-. 
H l = 2 
O = 1 0 0 0 3 r _ _ _ _ _ _ 
T A O = . - J 0 3 " ' ~ 1 
RE AO ( 5 , 2 2 ) ( P D P ( I ) , R M ( I ) , R A ( I ) , 1 = 1 , 7 ) 
2 2 F O R M A T ( F 3 . 2 , F i . f 7 F 5 . 2 ) 
DO 2 5 1 = 1 , 7 
W R I T E ( 6 , 2 6 ) R D ° ( I ) 
2 6 FOR MAT (1 HI , 1 5 X , " U 7 I L I Z A 1 I C N P A T I O O / P 2 _ = "_, F3_. 2 ) 
S»2 = D / \ 0 P ( I ) ' " ' " - - • 
PC 27 J = l , 7 _ 
W R I T E ( 6 , 2 ? ) R H ( J ) 
26 FORMAT (1HL , 1 5 X . " I N V E N T O R Y R A T I O H 2 / H 1 - " , F 3 « C ) 
H 2 = H 1 * R H ( J ) 
DO 2 9 K = l , 7 
A 2 = A 1 / R A ( K ) 
CALL K U l T ( A 1 , A 2 , H 1 , H 2 , D , P 2 t T A C T M ) 
CALL 0 1 V I ( A 1 , A 2 , H 1 , H 2 , D , P 2 , T A 0 , T D ) 
R A T = R A ( K ) 
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O I F £ = T M - T D 
W R I T £ ( 6 . 1 ) R A T . T M , T D . D I F E 
1 FORMAT( lHf • 1 5 X « " A 1 / A 2 = " . F 7 • 2 • 5 X . " T O T MULT = F l 0 • 2 • 5 X • " T O T DIV 











SUBROUTINE " M U L T " (SIMULTANEOUS PROO. i C O N S . ) 
SUBROUTINE M U L T ( A l . A 2 , H I • H 2 , D , P 2 , T A C , T M ) 




N = N + 1 
N N = N * ( N - 1 ) 
N N N = N * ( N + i ) 
I F ( N N . G T . R l ) G O TC 1 2 
I F ( N N N . L T . R l ) G 0 TO 1 3 
NOP = N 
T 1 = 2 * ( A 1 / M 0 3 + A 2 ) * D 
T2 = H 1 * ( N 0 ° - i i - 0 / c 2 ) + H 2 * ( i - C / c 2 ) 




C SUBROUTINE " D T V I " ( SIMU LT ANEOUS PROD. C O N S . ) 
c 
SUBROUTINE D l VI ( A l , A 2 - H i , H2 , D , ̂ 2 , TAG , TD) 
2 2 
R2 = A 2 * H 1 + ( O / P E ) / ( A l * H 2 * ( 1 - D / R 2 ) 
N = D 
2 3 N = N * 1 
N N = N * ( N - 1 ) 
N N N = N * ( N + 1 ) 
I F ( N N • G 7 . R 2 ) G O TO 2 2 
I F ( N N N , L T • R 2 ) G O TC 2 3 
NOP=N ; 
T 1 = 2 * D * ( N O P * A i + A 2 ) 
T2 = H 1 * D / ( N Q P * P 2 ) + H 2 * ( 1 - 0 / R 2 ) 
TD = SQ-.T ( T 1 * T 2 ) • f H 2 J t T A O * 0 
RETURN 
END 
c ; •__ 
C SUBROUTINE " M U L T " ( NCr'S IMUL T ANEGUS ^ O D . I i C C . J S . ) 
SUBROUTINE MULT(Al .A2•HI ,h2 ,D, C Z , "AO,TM) 
R l = A 1 * ( H 2 + < l + D / g 2 ) - H l » ( l - - / ° 2 ) ) / ( A 2 * H j ) 
1 2 N = C ~~ 
1 3 N=N + 1 
N N = N * ( N - 1 ) 
NNN=N» (N + l ) 
I F ( N N . G 7 . R 1 ) G O 7C 1 2 
I F ( N r J___JLT__R 1 ) GO 7C 1 3 
NOP = N 
T L = 2 * ( A l / N Q 3 + A 2 ) * D 
T2 = H 1 * ( N O P - i + L</?2) * H 2 * ( 1 * C / P _ ) 
T M = SQRT(Ti»T2)-> 'H2*Tfic»D 
RETURN 
ENO 
C SUOROUTINE " O I V I " (NONSIMULTANEOUS PR J 0 . C O N S . 1 
SUBROUTINE 01VI ( A 1 . A2 « H i . h.2 , D , P 2 , T A O . TD ) 
C 
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R 2 = A 2 * H 1 * ( D / P 2 ) / ( A l * H 2 * ( 1 + D / P 2 ) ) 
2 2 N = 0 
2 3 N = N + i 
NN = N » ( N - 1 ) 
N N N = N » ( N * l > 
I F ( N N « G T « R 2 ) G O TO 2 2 
I F f N N N . L T . R 2 ) G O TO 2 3 
NCP = N 
T 1 = 2 * D * ( N C D » A i + A 2 ) 
T 2 = H 1 » D / ( N 0 ? » F 2 ) + H 2 * ( 1 + D / F 2 ) 
T O = S 3 R T ( 7 1 * 7 2 ) * H ? * T A O * C 
RETURN 
END 
1 6 5 
T H £ S I S 1 4 
PROGRAM THE14 (INPUTt OUTPUT,TAPE5 = INP'JT, TAPE 6 = OUTPUT) 
C T H I S PROGRAM 0 3 T A I M S LQT S I Z E S FOR THE CASE OF SEVERAL R E T A I L E R S 
C AND J U S T ONE WAREHOUSE, SINGLE I T E M , STATIONARY DEMANDS, CONTINUOUS 
C R E V I E W , I N F I N I T E H O R I Z O N , T Hi METHODOLOGY USED I N THE ALGORITHM I S 
C 
C 
A OYNAMIC PRGRAMMIHG A ° F R C A C H SUGGESTED BY RICAROO L O = E Z . 
C 
c 
I N P U T V A R I I A 3 L E S 
N = N U M 3 c c OF STAGES 
c 
c 
S = SET UP COST 
H = INVENTORY CARRYING COST 
c 
c 





INTEGER M U L T I P L I E R S 
c 
c 
LOT S I Z E S 
D I M E N S I O N S (I. ) ,H ( i i? ) ,D (1C ) 
DIMENSION K (4L u i ) ,T ( 2 OC) , K K ( LjPO ) j O 3 ( I T ) , I K 1 C ) 
1 
READ ( 5 , 1 ) N 
F O R M A T ( 1 2 ) 
3 5 
W R I T E ( 6 , 3 5 ) N 
FORMAT ( 1 H I , i : x , " N ' M 3 ) 
2 
R £ A D ( 5 , 2 ) ( S ( J ) , H ( J ) , J = i , N ) 
F O R M A T ( F 9 . 2 , F 6 . 3 ) 
3 b 
W R I T E ( 5 , 3 E ) ( S ( J ) , H ( J ) , J = i , N ) 
FORMAT ( H C , 1 C X , M S AND u " , F 9 » 2 » F £ , 3 ) 
3 
READ ( 5 , 3 ) ( D ( J ) , J = 2 , N ) 
F O R M A T ( F 7 . J ) 
3 7 
W R I T E ( 6 , 3 7 ) ( D ( J ) , J = 2 , N ) 
F O R M A T ( I M C , 1 C X , " D " , F 7 . C ) 
K l = l 
D ( l ) = r. 
DO 4 1 = 2 , M 
D ( l ) = 0 ( 1 ) + D ( I ) 
4 CONTINUE 
Q l = s a R T ( 2 * S ( 1 ) + D ( 1 ) / H ( 1 ) ) 
I Q l = R £ D ( Q i > 
I Q l L M = I Q i - . 3 * 1 0 , 1 
I Q l U B = I Q i - r . 3 * I Q l 
W R I T E ( 6 , 7 5 ) I Q l L B , i a i U 9 
7 5 FORMAT ( H i . , i e x , " I Q l L 3 , \ I 6 , i C X , " I Q i ' J P " , I 6 ) 
0 0 4 4 6 I = I C l l L 3 , 1 0 I U 3 
4 4 3 
K K ( i ) = a 
T (2 , I ) = ' 
d K l = K l * l 
DC ^ 3 2 I = I Q 1 l E , I Q 1 U B 
4 3 2 T ( 1 , 1 ) = T ( 2 , 1 ) 
0 0 5 I = I ' U L 3 , I Q 1 U 3 
I F ( K l • G T • N ) G O " 0 6 
RLC = SORT ( I * f c 2 » i j ( K l ) * H ( K i ) / ( 2 * D ( l ) * * 2 « S ( K l > > > 
K F . L C s r t E D ( . \ L C ) 
< ( I ) = MAXC ( 1 , < R L C , ( - , C ) 
I F ( K 1 . N E . 2 ) G 0 TO 7 
T ( 2 , I ) = 3 ( K l ) * K ( I ) * 0 ( i ) / I + I * D ( < i > * H ( K i > / ( 2 * < ( I > * D ( l > ) 
K K ( I ) = K < ( I ) » i : + K ( I ) 
GO TO 5 
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7 T ( 2 , I ) = S ( K 1 ) * K ( I ) * D ( 1 ) / I + I * D ( K 1 ) * H ( K 1 ) / ( 2 * K ( I ) * 0 ( 1 ) ) + T ( 1 , I ) 
K K ( I ) = K K ( I ) * 1 C + K U ) 
6 
GC TO 5 
T ( i , I ) = S ( l ) * 0 ( l ) / I + I * H ( l ) / 2 + l ( l , I ) 
5 CONTINUE 
I F ( K 1 . L E . N ) G 0 TO 8 
T 0 P = T ( 1 , I Q 1 U 3 ) 
DO 9 I = I Q l L 3 , I Q l U 3 
I F ( T O = . L T . T ( l , I ) ) G O TC 9 
T C P = T ( i , I ) 
9 
I Q 1 0 P = I 
CONTINUE 
40 
W R I T E ( 6 , 4 i ) K K ( I Q I O P ) 
F O R M A T ( I H i , 1 J X , " K K ( I Q 1 0 R ) = " , 1 1 2 ) 
NN = N 
DC i i i I = 
K L M = K K ( I Q i Q P ) - KK ( I Q I O P ) / 1 L MC-
KGP(NN)=KLM 
39 
W R I 7 L ( 6 , 3 9 ) K G P ( N N ) 
FORMAT (IMC , 1G >'. , " K O ° T I MA" , 1 6 ) 
1 1 0 
K K ( I Q I O P ) = K K ( I Q 1 C = ) / 1 0 
NN= N N - 1 
15 
DO I J 1 = 2 , N 
I Q ( I ) = I Q l C ° * D ( I ) / ( K O P ( I ) * D ( l > ) 
I Q ( 1 ) = I Q 1 C P 
W R I 7 £ ( 6 , 1 1 ) T 0 3 
1 1 F O R M A T ( 1 H 1 , 2 5 ^ , " T O T A L COST = " , F 1 2 . 2 > 
K C P ( l ) = 1 
DO 1 2 1 = 1 , N 
W R I T E ( 6 , 1 3 ) I , K O P C ) , 1 . 1 0 ( 1 ) 
1 3 
1 2 





C FUNTION " R E D " 
C 
FUNCTION R E D ( X ) 
I J = X 
R £ S I = X - I J 
p 5 = . 5 
I F ( R E S I . G E . P 5 ) G 0 TO 9 7 
RE.0 = I J 
GO TO 9e 
97 
98 
R E D = i J + l 
CCNTINUE 
P t TURN 
END 




PROGRAM T h - 1 5 ( I N = U T , C U ~ ° U T . 7 APE 5 = I N P J T , T A P E 6 = 3UTPU7 , QL2UG = C JT=>UT ) 
T H I S PROGRAM OBTAINS LOT S I Z F S F O - 7 W E CASE OF ACYC. . IC S f R J C T U R E » 
SINGLE I . E M , STATIONARY CfMAKO, CC NT ZNl'G'JS Ri V I E W . I N F I N I T E HORIZON, 
C 
C 
THE K E T H j O C C G Y USED I N THE ALGORITHM I S P-vOPOSEG 5Y R * C A \ O u P . 
L O P E Z . 
C 
c INPUT VARIABLES 
c 
C 
M = STAGE S AT L E V E L - 2 
N = NUMQfR CF TOTAL STAGES 
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c L = INCREMENTS (DELTA) 
c K = R E L A T I O N S H I P S AMCNG STAGES 
c S = SET UP COST 
c H = INVENTORY CA FRYING COST 
c D = DEMAND 
c OUTPUTS 
c TOTAL COST 
c K = INTEGER M U L T I P L I E R S 
c OPTIMAL CYCLE TIME 
D I M E N S I O N K<2,5>.5(5),H(5),D(5),QC(5),KK(5) 
D I M E N S I O N K < M I ( 5 ) 
RE AO ( 5 , 1 ) i V , N t L 
1 F O R M A T ( 1 2 , 1 2 , 1 5 ) 
MM=M+1 
MMM=N-M 
DO 2 1 = 1 , M 
R E A D ( 5 , 3 ) ( K ( I , J ) , J = M M , N ) 
3 F O R M A T ( 5 ( 2 1 ) ) 
2 CONTINUE 
READ ( 5 , M ( S ( J ) , H ( J ) , J = 1 , N ) 
u F O R M A T ( F 9 . 2 , F E , 3 ) 
R E A D ( 5 , 5 ) ( D ( J ) , J = M M , N ) 
UN F O R M A T ( F 7 ) 
DO 6 1 = 1 , M 
D ( I ) = i 
DO 7 J = M r i , N 
7 0 ( I ) = D ( I ) + 3 ( J ) * K ( I , J ) 
6 CONTINUE 
DO 6 1 = 1 , N 
Q C ( I ) = 5 Q R T ( 2 * 0 ( I ) * S ( I ) / H ( I ) ) 
Q C ( I ) = R E D ( Q C ( i ) ) 
I F C . N E . D G O TO 9 
D Q C M I N = Q C ( I ) / C ( ! ) 
DOCMAX = Q C ( I ) / D ( I ) 
GO TO 6 
9 A D Q C = Q C ( I ) / 3 ( I ) 
I F ( A 0 Q C . G t . . D Q C M I i \ , ) G 0 TO 1C . 
DQCMIN = A DOC 
GO TO S 
ID I F ( A o a C . L E . D Q C M A X ) G C TO 8 
OQCMAX=AQQC 
8 CONTINUE 
O E L T A = ( D q C M A X - D Q C M I N ) / L 
WRITE ( 6 , 3 5 ) DC|CMIN,DQCN AX, CELT A 
3 5 FORMAT ( 1 H C , 5 X , " C q C M I N " , F I 7 . 8 , 5 X , " D q C M A i < " , F 1 7 . 8 , 5 X . " D E L T A " » F I 7 . 1 G > 
CLAVE1=G 
Aoqc=oqcMiN 
2 4 C O T J = u 
W R I T £ ( 6 , 3 6 ) A C Q C 
3 6 FORMAT(1HJ , 5 X , " A 0 Q C " , F 1 7 . f c ) 
DO 1 1 I = 1 , M 
C L A V E = : I 
< K ( 1 ) = 1 
1 3 CT = S ( I ) / ( K < ( I . ) + ADQC) +ADQC*<< ( I ) * 0 ( I ) * H ( : ) / 2 
W R I T E ( 6 , 3 8 ) C T 
3 6 F O R M A T ( I H j , 5 X , " C T " , F 1 7 , c ) 
I F ( C L A V E . N E . j ) G O TO 1 2 
CLAV£=1 
1 4 CTMIN=CT 
W P I T E ( 6 , 3 7 ) I , K K ( I ) 
3 7 F O R M A T ( I H c , 5 X . " I " , I 3 , " K K " , I S ) 
W R I T E ( 6 , 3 9 ) C T M I n 
3 9 F O R M A T ( 1 H L , 5 X , " C T M I N " , F 1 7 . 8 ) 
K K ( I ) = < K ( I ) + i 
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GO TO 1 3 
12 I F ( C T M I N . G E . C T ) G O T O 1 4 
1 1 
K K ( I ) = K K ( I ) - 1 
C 0 T 0 = C 3 T 0 + C T M I N • 
OO 1 5 I=MM,N 
CLAV£=0 
1 7 
K K ( I ) = 1 
C T = S ( I ) / ( A D Q C / K K ( I ) ) + ( A C Q C Y K K ( I ) ) * D ( I ) * 4 ( I ) / 2 
I F ( C L A V / E , N £ . 3 )GO TO 1 6 
CLAVE=1 
ia CTMIN=CT 
W R I T E ( 6 , 3 7 ) I , K K ( I ) 
K K ( I ) = K K ( J ) + i 
GO TO 1 7 
1 6 I F ( C T M I N . G E . C T ) G O TO I S 
K K ( I ) = K K ( I ) - 1 
1 5 C O 7 0 = C 0 T 0 + C T M l N 
IF(CLAV£1.NE.L)GO TO 1 9 
22 CGTOMI=COTO 
DO 2 0 1 = 1 , N 
20 K K M I ( I ) = K K ( I ) 
AOQCOP=AOQC 
1 9 
GO TC 2 1 
I F ( C O T O M I , G E . C O T O J G O TO 2 2 
2 1 C L A V £ 1 = 1 
I F ( A O Q C . G E . D Q C M A X ) G O T 0 2 3 
ADQC=ADQC+DELTA 
GO TO ZU 
2 3 
2 5 
W R I T E ( 6 , 2 5 ) C O T O M I 
F O R M A T ( 1 H 1 , 2 C X , " T O T A L COST = " , F l 2 , 2 ) 
DO 2 6 1 = 1 , N 
W R I T £ ( 6 , 2 7 ) I , K K M I ( I ) 
2 7 
2 6 
F O R M A T ( I H c , 2 G X , " K ( " , I 2 , " ) = " , I M 
CONTINUE 
2 6 
W R I T E ( 6 , 2 8 ) A D Q C O ? 
FORMATdMC , 2 C X , " O P T I M A L CYCLE TIME = " , F 1 3 . 6 ) 
S T O P 
END 
C 
c FUNCTION "RED" 
c 
FUNCTION R E D ( X ) 
I J = X . 
R E S I = X - I J 
P 5 = . 5 
IF (RESI .GE .P5 )GO TO 9 7 
R E D = I J 
GO TO 9 3 
9 7 
9 8 




T H E S I S 
PROGRAM Thc.16 ( I N P U T , O U T P U T , 7 A P £ 5 = I N ° U T , T A P e . 6 = O U 7 3 U n 
C _____ 
C T H I S PROGRAM 0 S T A I N S LOT S I Z E S FOR THE CASE OF~A S E R I A L S T R U C T U R E , 
C_ S INGLE I T E M , TIME VARYING C c V A NC , F I N I T E H O R I Z O N . _ T_HP_ ME THJCC LOG Y _ 
C J S E O I N THE ALGORITHM I S A DYNAMIC PROGRAMMING AND NETWORK APPROACH 
C SUGGESTED 3Y MILLARD I . ZANGWILL. 
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C I N P U T V A R I A E L E S 
c 
c 
DP = SET UP COST 
OH = INVENTORY CAF^YING COST 
c 
c 
N = NUMOtP OF P E R I O D S 




LOT S I Z E S FOR STAGES AT ALL P t R I O O S 
c 
OI MENS ION 0 P ( E ) , C H ( 2 ) , R ( 5 ) , C ( i r n , 5 , 5 ) , H < l C C 5 , 5 ) 
D I M E N S I O N P C t O , 5 , 5 ) , GOP (IOC , 5 , 5 ) ,X ( 5 , 5 ) , G A ( 
D I M E N S I O N I N V ( 5 , 5 ) 
5 , 5 ) 
INTEGER A , B , G , G G , AA.GA 
READ ( 5 , 1 ) ( D 3 ( J ) , D H ( J ) , J = i . 2 ) 
1 F O R M A T ( F 9 . 2 , F 6 . 3 ) 
READ ( 5 . 2 ) N 
2 F O R M A T ( 1 2 ) 
R E A D ( 5 , 3 ) ( R ( J ) , J = 1 , N ) 
3 F O R M A T ( F 7 . 0 ) 
J = 3 
I = N 
L A i = N * i r + j 
C ( L A I . N , N ) = u 
6 1 = 1 - 1 • i 
1 1 = 1 + 1 
3 = N 
5 LA2 = i * i : : + J 
H ( L A 2 , I I , B ) = H H ( I , J , I I , 3 , C H , R ) 
I F C I I . L E . t J ) G O T C U 
L A 3 = I I » 1 0 + J 
C ( L A 3 , I I , B ) = 3 
t» LAU = I » l - ; + J , 
LA5 = I I » i r + J 
C ( L A < , , I , S ) = H ( L A < * , I I , 9 ) » C ( L A 5 , I I , g ) 
8 = 8 - 1 
I F ( 3 . G E . I ) G 0 T O 5 
I F ( I , m E . 1 ) G O T O 6 
I = N : 
J = 2 
LA6 = N » U +M 
P ( L A 6 » N , W ) = ° P ( N , M , N , N , 0 P ) 
C ( L A 7 , N , N ) = ? ( _ A 6 , N , N ) 
1 5 1 = 1 - 1 , 
A = l 
3 = 1 
1 1 = 1 + 1 
1 1 G = I t 
ID G G = G + 1 " 
LA6 = I » i O + 3 
P ( L A 6 , I , G ) = P 3 ( I , 3 . I , G , O P ) 
LA9 = I » 1 C + 2 
H ( L M 9 » G G » r i ) = H H ( I , 2 , G G , 3 , D H , : . ) 
I F ( G G . L E . B ) G O T O 7 
_ A l J = l I * i f + 2 
C (LAIC , G G , 3 ) = C . 
7 " L A l l = I * l 4 +Y " " " 
I _ A 1 2 = I » 1 - + 2 
L A l 3 = i : * i l 
C I 2 I B = P ( L A 1 1 , I , G ) + C ( L A 1 1 , I , G ) + H ( L A 1 2 , G S , 9 ) + C ( L A l 3 , G G , E ) 
I F ( G . £ 3 . I ) G 0 T O 6 
LAI H- = i » 1 0 + 2 
I F ( C I _ I 3 . " G E , C ( L A 1 4 , I , 6 ) ) G O T O 9 
8 L A 1 5 = I * l C + 2 
1 7 0 
C ( l A 1 5 , I , 6 ) = C I 2 I B 
G 0 P ( L A 1 5 , I , 3 ) = G 
9 G - G + l 
I F ( G . L E . 9 ) G 0 TO 1 0 
3 = B + 1 
I F ( 3 . L E - N ) G 0 7 0 1 1 
I F ( I . E Q « 1 ) G O TO 1 2 
A = I + 1 
16 B = A 
1 4 L A 1 6 = I * l C + 2 
H ( L A i 6 , A f 3 ) = H H ( I , 2 f A , E , D H , R ) 
I F ( A . L E , B ) G D TO 1 3 
L A l 7 = I I * l t +2 
C ( L A l 7 , A , 8 ) = 0 
1 3 LAie = I * i C +2 
L A 1 9 = I I * 1 ^ ' *2 
C ( L A i o , A , 6 ) = r t ( L A i d , A , 3 ) + C ( . A 1 9 , A , 3 ) 
G O P ( L A 1 6 , A , 3 ) = 0 
3 = 3 + 1 
I F ( 3 . L E . N ) G O TO 1*. 
A = A + 1 
I F ( A . G T . N ) G O TO 1 5 
GO TO 1 6 
12 J = l 
I = N 
L . A 2 0 = N * l C + 2 
= > (LA2J » N , N ) = P P ( N , 2 , N , f f , D P ) 
L A 2 i = N * l l + 1 
P ( L A 2 i , N , w ) = P ( L A 2 C , N , N ) + C ( L A 2 0 , N , J V J ) 
22 1 = 1 - 1 
A = I 
I I = I-ri 
23 A A = A - i 
C L A V E = 1 
G=MAXC ( I , A A ) 
23 GG=G+1 
L A 2 2 = I J 1 l C - r 2 
P ( L A 2 2 , A , G ) = P P ( I » 2 f A , G , C P ) 
I F ( G G . L E • N ) G O TO 1 7 
L A 2 3 = I I * l t r l 
C ( L A 2 3 , G G , N ) - c 
1 7 L A 2 4 = l * 1 0 + 2 
L A 2 5 = I I * 1 L +1 
C I 1 A N = P ( L A 2 ^ , A , G ) + C ( L A 2 4 , A , G ) + C ( L A 2 5 , G 3 , M ) 
I F ( C L A V E . L Q . 1 ) G O TO 1 6 
L A 2 6 = I * 1 « ' , + 1 
I F ( C I 1 A M . G E . C ( L A 2 6 , A , N ) ) G C ~C 1 9 
18 L A 2 7 = I + 1 G + 1 
C ( L A 2 7 , A , N ) = c : i A » : 
G O P ( L A 2 7 , A , N ) = G 
CLAV£=G 
1 9 G = G + 1 
I F ( G . L E . N ) G O TO EC 
I F ( I . t i Q . l ) GO T 3 2 1 
A = A r i 
1 F ( A , G T . N ) G J TO 2 2 
GO TO 2 3 
2 1 A = l 
DC 5 1 1 7 = 1 , N 
DO 5 2 1/5 = 1 , 2 
5 2 X ( 1 7 , 1 3 ) =t 
5 1 CONTINUE 
1 = 1 
J = l 
1 7 1 
33 LA28 = I*1L*+J GA(I,J)=GGP(LA28tA.N) X(I,J)=l LATA = GA(I,J) 
DO 2<t J7 = I,LATA 24 X(I»J)=X(I,J)+R(J7) J=J+1 JJ=J-1 LATO=GA(I•JJ) LATI=I»1C+J GA (I, J)-GOP ILAT I ,A,LATO) 
INV (11 J) = GA (I . J J) -GA (It J) _ 
INA=INV(I•J) IF(INV(I, J) .GT.C ) GO TO 25 ._ CLAVE1=C GO TO 26 
25 C L A V c i = l 26 X(,I,J)=P : LAT£=GA(ItJ) OO 27 J7=I,LATE _ 27 X (ItJ)=X(ItJ)+ R(J7) A = GA (I t J ) + j 31 1=1+1 11=1-1 ; | IF(CLAVE1.NE.l)GO TO 32 IF ( A . GT . I) 50 TO 51 _ LJ=lN«+II LA29=I»ll + J GA (1,J)=G0P(LA29tA,LJ) lNV(ItJ)=INV(IItJ)-GA(I.J) 
INA=INV(I,J) I F ( I N V (It J ) .GT.C)G0 TO 2 c CLAVE1=( 
GO TO 29 . 26 CLAVE1=1 
29 X(ItJ)=t LATU=GA(11 J) 
00 30 J7 = I,LATU : 33 X(I,J)=X(I,J)+?(J7) A = GA (I,J)+1 GO TO 31 32 J = l IF(I.LE.N)GO TO ?3 DC Zk 1=1 , N j W=ITE(6.35)I.X (1,1) ,I,X (1.2) 35 FORMAT (1HI t2v'X,"X CM2t"t 1 ) = " t F 3 . i) 11 C X f "X ( ",12 t " t 2 ) = ",F8«r -) 
3U CONTINUE STOP " . 
END 
C 
C FUNCTION "PP" 
FUNCTION P?(ItJtKtLtCA) DI ME NSI Of CA ( 5 ) I F(L.GE.K)G3 TO 62 
p> = 0 GO TO 65 62 PP=CA(J) 63 CONTINUE RETURN E_N_D 
C C FUNCTION "HH" 
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F U N C T I O N H H ( I , J , K * L » A M I , D E H ) 
OIMENSIGN A M I ( 5 ) , D E M ( 5 > 
H H = D 
I F ( K . G T . L ) G O TO 7 3 
DO 7 2 I 9 = K , L 
7 2 H H = H H + D £ M ( I 9 ) *~ AM I ( J ) 
73 C O N T I N U E 
R E T U R N 
E N D 
T H E S I S 1 7 
PROGRAM T H E 1 7 ( I N E U T , 0 U T F U T » ~ A ° E 5 = I N P U T « T A P E 6 = 0 U T P U T ) 
_c • ' _ 
C T H I S PROGRAM O d T A I N S LOT S I Z E S FOR THE CASE OF ASSEMBLY STRUCTURE, 
C S I N G L E I T E M , TIME VARYING DE MANO , F I N I T E H O R l Z O N . THE M ETHQDOL J 3 Y _ 
C USED I N THE ALGORITHM I S A DYNAMIC PROGRAMMING APPROACH SUGGESTED BY 
C WALLACE B . CROWSTON AND MICHAEL H . WAGNER. 
C 
_C I N P U T VARIAB. .ES 
C N = NUMBER OF STAGES 
C M = HORIZON P E R I O D 
C S = SET U P COST 
C H = I N V t N T O R Y C A R r Y I N G COST 
C V = VARIABLE COST 
C 0 = DEMAND 
C O U T P U T S 
C T O T A L C O S T ^ : 
Q U A N T I T Y O R D E R S F C R S T A G E S A T A L L P E R I O D S C 
D I M E N S I O N S ( i £ ) , H ( ID ) , V ( 1 C ) , D ( 5 ) , P A Y ( 5 ) » N=»AY ( 3 2 , 5 ) 
DIME NSION N°A Y i ( 3 2 ) , N 2 P A Y ( 3 2 , 5 ) » I C A ( 3 ) » I C A O l ( 5) , I C A J 2 ( 5 ) 
OIMENSION 1 C A 0 3 (1C , 5 ) ,CTK ( i t . ) , I C A C ^ ( 1 0 , 5 ) , Q ( i t ' , 5 ) 
DIMENSION N O R M A ( 3 2 , 5 ) 
R E A D ( 5 , 1 ) N , M 
F O R M A T ( 1 2 , 1 2 ) 
R £ A O ( 5 , 2 ) ( 5 ( I ) ,H < I ) , V ( I ) , I = 1 , N ) 
F O R M A T ( F 9 . 2 , F 6 . 3 , F 6 . 3 ) 
R E A D ( 5 , 3 ) ( D ( J ) , J = 1 , M ) 
F O R M A T ( F 7 . D ) 
CLA 3 = 1 
C L A V I S = 1 
DO 4 J = 1 , M 
P A Y ( J ) = 1 
J U L = 2 
5 2 C T = F ( N , M , D , 5 ( M ) , V ( M ) , H ( M ) . P A Y ) 
I I = i 
4 3 C T i = F ( N , M , D , S ( I I ) , V ( I I ) , h ( I I ) , P A Y ) 
J I = u 
DO 5 J = 2 , M 
IF(P_A_Y ( J ) . N E . 1 ) GO TO 5 
J I = J I + 1 
CONTINUE 
I C J = - 1 
L I M 1 = 2 * * J I 
D O 6 J = 1 , M 
I F ( J . E Q . D G O T O _ Z 
I F ( P A Y ( J ) . N E . 1 ) G O T O 8 
C L A V E = 1 
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I C O = I C O+i 
ICO 2 = 1 
I C 0 3 = 1 
GO TO a 
7 CLAV/_ = 0 
CO CONTINUE 
DO 9 1 = 1 , L I M I 
I F ( J . N E . l ) G O TO I P 
N P A Y ( I , J ) = 1 
GO TO 9 
1 3 I F ( C _ A V £ . E Q . 1 ) G G TO 
N P A Y ( I , J ) = 0 
1 1 
GO TO 9 
1 1 L 2 I C O = 2 » * I C O 
I F ( I C G 2 . G T . L 2 I C O ) G O TO 1 2 
1 - N°A Y ( I , J ) = 1 
I C 0 2 = I C O 2 + l 
GO TO 9 
1 2 I F ( I C 0 3 . G T , L 2 1 C O ) G O 
N=>AY ( I , J ) =0 
TO 1 3 
I C 0 3 = I C O 3 + l 
GO TO 9 
1 3 I C G 2 = 1 
I C 0 3 = 1 
GO TO 1 4 
9 CONTINUE 
6 CONTINUE 
I F ( C L A V I S » N E _ l ) G O TC 6 3 5 
C L A V I S = l 
LANDA=LIM1 
DO 5 6 6 I N Z = 1 , L A N D A 
OO 6 6 7 I N Y = 1 , M 
6 8 7 N O R M A ( I N Z , I N Y ) = h P A Y ( I N Z , I N Y ) 
6 6 6 CONTINUE 
6 6 5 CONTINUE 
I 2 = C 
OO 1 5 1 = 2 , L I M I 
TOT = C 
DO 1 6 J = l , M 
1 6 TOT = T'JT + N c AY ( 1 , J ) - N ° A Y ( I , J ) 
I F ( T O T • N E • 1 ) G C TO 1 5 
1 2 = 1 2 + 1 
N P A Y 1 ( 1 2 ) = 1 
1 5 CONTINUE 
C L A 2 = 1 
DO 1 7 1 = 1 , 1 2 
I 3 = N J A Y 1 ( I ) 
J K = C 
DO 1 6 J = 2 , M 
I F ( N D A Y ( 1 3 , J ) , N E . 1 ) G O TQ 1 8 
J K = J K + 1 
1 6 CONTINUE 
L I C 0 = - 1 
O O _ 1 9 J = l , M 
I F " { J V E Q . I T G O "TO 2 0" 
I F ( N P A Y ( I 5 , J l . E Q . 1 ) G O T C 2 1 
C l A / E = 0 
GO TO 2 : 
2 1 C L A V c = i 
L I C O = L icon 
L l C 0 2 = i 
L I C 0 3 = 1 
20 CONTINUE 
L I M 2 = 2 * * J K 
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DO 2 2 I 9 = l f L I M 2 
I F ( J . N £ . l ) G O TO 2 3 
N 2 P A Y ( I 9 , J ) = 1 
GO TO 2 2 
2 3 I F ( C L A V E . £ Q . l ) G O TO 2 4 
N 2 P A Y ( I 9 , J ) = t 
GO TC 2 2 
2 4 L 2 L I C O = 2 * * L I C C 
I F ( L I C 0 2 . G T . L 2 L I C 0 ) G 0 TO 2 5 
2 7 N 2 P A Y ( 1 9 , J ) = 1 
L I C 0 2 = L I C C 2 + 1 
GO TO 2 2 
2 5 I F ( L I C 0 3 . G T . L 2 L I C O ) G O TC 26 
N 2 P A Y ( I 9 , J ) = 0 
L I C 0 3 = L I C G 3 + 1 
GC TO 2 2 
2 6 L I C 0 2 = 1 
L I C 0 3 = 1 
GO TO 2 7 
2 2 CONTINUE 
1 9 CONTINUE 
CLA = 1 
DO 3d 1 8 = 1 , L I M 2 
DO 3 1 J = 1 , M 
3 1 I C A ( J ) = N 2 a A Y ( I 3 f J ) 
C T 2 = F ( N , M , D , S ( I I ) , V ( I I ) , H ( I I ) , I C A ) 
I F ( C L A , E Q , 1 ) G O TO 3 2 
I F ( C T M I N . L T . C T 2 ) G C TO 3D 
GO TO 3 3 
3 2 CLA = 0 
3 3 C T M I N = C T 2 
OO 3 4 J C A = 1 , M 
3 4 I C A O l ( J C A ) = I C A ( J C A ) 
3C CONTINUE 
I F ( C L A 2 . E Q . l ) G O TO 3 5 
I F ( C T O T M I . L T , C T i v l N ) GO TO 1 7 
GO TO 3 6 
3 5 CLA2=0 
3 6 C T 0 T H I = C T M I N 
OO 3 7 J C A = 1 , M 
3 7 I C A 0 2 ( J C A ) = I C A O i ( J C A ) 
1 7 CONTINUE 
C T K ( I I ) = A M I N 1 ( C T 0 T M I , C T 1 ) 
I F ( C T O T M I . L T . C T l ) G O TO 3 8 
OO 3 9 J C A = 1 , M 
3 9 I C A 0 3 ( I I , J C A ) = P A Y ( J C A ) 
GO TO 4 1 
3 8 CONTINUE 
DO 4 0 J C A = i , M 
4C I C A 0 3 ( I I , J C A ) = I C A 0 2 ( J C A ) 
4 1 N N = N - 1 
I F ( I I , E Q . N N ) G C TC 4 2 
1 1 = 1 1 + 1 
GO TO 4 3 
4 2 CONTINUE 
DO 4 4 J R I = 1 , N M 
4 4 C T = C T * C T K ( J R I ) 
I F ( C L A 3 • E Q . 1 ) G O TO 4 5 
I F ( C T P I . L E . C T ) G C TO 4 7 
GO TO 4 6 
4 5 CLA3=0 
4 6 C T P I = C T 
DO 4 9 I R = 1 , N N 
DO 4 9 J R = 1 , H 
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I C A 0 4 ( I R , J R ) = I C A 0 3 < I R , J R > 
4 9 CONTINUE 
4 8 CONTINUE 
OO 50 J R = i , M 
50 I C A 0 4 ( N * J R ) = P A Y ( J R ) 
4 7 I F ( J U u . G E . L A N C A ) G O TO 5 1 
DO 5 3 6 J A R A = 1 , M 
5 3 6 P A Y ( J A R A ) = N O R M A ( J U L , J A R A ) 
J U L = J U L + 1 
GO TO 5 2 
5 1 1 = 1 
5 8 J = l 
J J = J 
5 5 Q ( I , J ) = D ( J ) 
5 5 J J = J J + 1 
I F ( J J . G T . M ) G O TO 5 3 
I F ( I C A O < + ( I , J J ) . E Q . O G O TC 5 4 
J = J J 
GO TO 5 5 
5 4 Q ( I , J ) = Q ( I , J ) + D ( J J ) 
GO TO 5 6 
5 3 1 = 1 + 1 
I F ( I . G T . N ) G O TO 5 7 
GO TO 5 8 
5 7 WRITE < 6 , 5 9 ) C T P I 
5 9 F O R M A T ( 1 H 1 , 1 5 X . " T H £ TOTAL COST I S = " , F 1 3 . 3 ) 
OO 6C 1 = 1 , N 
DO 6 1 J = 1 , M 
W R I T £ ( 6 , 6 2 ) I , J , Q ( I , J ) 
6 2 FORMAT ( 1 H 0 , 1 5 X , " S T A G F " , 1 2 , 5 X , " T I M E " , 1 3 , 5 X,"QUA.NT IT Y ORDER " , F 
- 1 0 . C ) 
6 1 CONTINUE 
6D CONTINUE 
S T O P 
END 
c 
c FUNCTION " F " 
c 
FUNCTION F ( N , M , 0 , S , V , H , P A Y R ) 
O I M E N S I O N Q ( l f . ) , FAYP (1G ) , D(1C ) 
I O = G 
HT = 0 
J = l 
J J = J 
ST = 3 
1 0 2 Q ( J ) = D ( J ) 
1 L 3 J J = J J + 1 
I F ( J J . G T . M ) G O TC ICC 
I F ( P A Y R ( J J ) . E Q . 0 ) G O TO 1 T 1 
S T = S T + S 
J = J J 
I D = P 
GO TO I f _ 
1 0 1 I D = I O + l 
H T = H T + D ( J J ) * I D ^ H 
Q ( J ) = Q ( J ) + D ( J J ) 
GO TO 1 0 3 
ICO CONTINUE 
OO l u 9 1 = 1 , M 
1 9 9 O T = D T + 0 ( i ) 
F = S T + H T + D T * \ / 
RETURN 
END 
T H E S I S 1 8 
c 
PROGRAM T H E 1 8 ( I N P U T , CUT PUT , T APE5 = I N P U T , TAPE 6 =Ol)TPUT) 
c 
c 
T H I S PROGRAM OBTAINS LOT S I Z E S FOR THE CASE OF ARBORESCENCE 
S T R U C T U R E , S I N G L E I T E M , TIME VAFYING DEMAND, F I N I T E H O R I Z O N , 
c 
c 
THE METHODOLOGY USED I N THE ALGORITHM I S A DYNAMIC PROGRAMMING 
APPROACH SUGGESTED BY ARTHUR F . V E I N O T T , JR: . 
c 
c I N P U T VARIABLES 
c 
c 
N = NUMBER OF STAGES 
M - HORIZON TIME 
c 
c 
S = SET UP COST 
H = INVENTORY "CARRYING COST 
c 
c 
V = VARIABLE COST 







QUANTITY ORDERS FOR STAGES AT A _L P E R I O D S 
D I M E N S I O N S ( l o ) , H ( 1 C ) , V ( 1 L ) , O U t . , 5 ) , F ( 1 3 , 5 , 5 ) , J O P ( i ; , 5 , 5 ) 
D I M E N S I O N Q ( l r ; , 5 ) 
1 
R E A D ( 5 , 1 ) N , M 
F O R M A T ( 1 2 , 1 2 ) 
2 
R E A 0 ( 5 , 2 ) ( S ( I ) , H ( I ) , V ( I ) , I = 1 , M ) 
F O R M A T ( F 9 . 2 , F 6 . 3 , F 6 . 3 ) 
OO 4 I = 2 , N 
R E A D ( 5 t 3 ) (D ( I , J ) , J = i , M ) 
3 
4 
F O R M A T ( F 7 • G ) 
C O N T I N U E . 
OO 3 1 7 J = 1,M 
D ( l , J ) = f 
OO 3 1 6 1 = 2 , N 
3 1 6 D ( 1 , J ) = 0 ( 1 , J ) + D ( I , J ) 
3 1 7 C O N T I N U E 
DO 5 K = 1 , N 
DO 6 1 = 1 , M 
F ( K , I , I ) = r 
J O P ( K , I , I ) = 1 
6 C O N T I N U E 
5 C O N T I N U E 
• K = 2 
1 3 I = M - i 
1 2 M 1 = M _ 
1 1 C L A = 1 
J = I + 1 
J J = J + 1 
7 1 4 I F ( J J ._L T __MJL _ G C__T C _ 1 D 
F I K " , J J t M I ) =0 " 10 F K I M_l = C (J< t_T_ _ J , S , V , H , D ) + F ( K , J J _ M _ ) 
I F T C L A T C Q . I ) G O " T C 7 
I F ( F ( K , I , M l ) . L T . F K I M 1 ) G C TO € 
G O TO 3 7 C L A_=G 
9 F Y K , I , M 1 ) = F < I M 1 
J G P ( K , I , M l ) = J 
6 J = J + 1 
J J = J + 1 
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I F ( J • L E • M i ) G O TO" 7 1 4 
M 1 = M 1 - 1 
I F ( M 1 , ~ G T , I ) G O T O 1 1 
1 = 1 - 1 
I F C I . G T . J ) G C TO 1 2 
_ _ _ _ K = j < + l _ _ _ _ _ 
I F ( K . L E . N ) G O TO 1 3 
K = l 
I = M - 1 
1 9 M 1 =M 
C L A = 1 
J = I + i 
J J = J + 1 
1 8 3 I F ( J J , L 7 . Ml) GO TO 1 8 •_ 
F ( K , J J ,Mi~) =A 
1 8 SUF = J 
DO 1 4 K 9 = 2 . N 
1 4 S U F = S U F + F ( K 9 , I , J ) ' 
F K I M 1 = C ( K . I . J , S .V , H , D ) + S U F + F ( K , J J , M i ) 
I F ( C L A , E Q . l ) GO TO I E 
I F ( F (< , I , Ml ) • L T . F K I M l ) GO TO 1 6 
GO TO 1 7 
1 5 CLA=v 
1 7 F ( K . I . M l ) = F K I M 1 
J O P ( K . I . M l ) = J 
1 6 J = J - H 
J J = J + i 
I F ( J » L E . M i ) G C T O 1 3 3 
1 = 1 - 1 
I P d . G T , C ) G J TO 1 9 
00 2 0 K = l . N 
OO 2 1 J = 1 .M -
Q ( K , J ) = F , 
2 1 CONTINUE 
2d CONTINUE 
1 = 1 
2 8 J = M 
K = l , 
1 9 1 = 1 . ' ' 
J E N T = J 0 3 ( K , I , J ) 
DC 2 2 1 9 = 191 f J E M 
2 2 Q ( K . I ) = 3< K . I ) + P ( K . I 9 ) 
J J = J J P ( K . I . J ) 
W R I T E ( 6 , 3 C 1 ) 1 9 1 , J E N T , J J ^ _ 
3 J 1 F O R M A T ( T H O , 1 G X \ " I ~ 9 1 = " , I 4 . 5X . " JE" N T = ' * . 1 4 , 5 X , " J J = ~ " , I 4 ) 
K = 2 
2 6 1 1 = 1 
2 5 1 8 1 = 11 , 
J E N T O = J O P ( K . I I . J J ) 
W R I T E ( 6 . J L u_) 161 . J E_W T_0 
"30u F C R M A T T : H 7 . I ! ? X . " " I J - I = " , i u . I R ; X T " J E N T 6 " = ~ " " V I 4 T 
DO 2 3 !>• = ! .31 , J E N T C 
2 3 Q ( K , I _ ) = ; } ( K , I 1 ) f~ ( K . I S ) 
I F _ ( J E N T O . G ^ ^ J J H J C _ T _ 0 _ 2 _ 4 
I I = J E N T C + i 
G G _ J O 2 5 _ 
"2 4 K = K + 1 ' " 
I F ( K « L E . N ) G J TO 2 6 
I F ( J J . G E . J ) G O TO 2 7 
I = J J - H _ 
GO TO 2 c ~ " " " " 
2 7 _ _ W R I Tt ( 6 » 29_)_F_(1_,JL •___) 
2 9 " F C R M A T ( 1 H I . 1 5 * , " T H E T O T A L C O S T I S = " , F 1 3 , 3 ) " " 
DO 6C I = i . N 
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DO 6 1 J = 1 , M 
W R I T E ( 6 , 6 2 ) I , J , Q ( I , J ) 
6 2 F O R M A T ( I H c , 1 5 X , " S T A G E " , 1 2 , 5 X , " T I M S " , 1 3 . , 5 X » " Q U A N T I T Y OROER " , F 
- 1 0 . C ) 
6 1 CONTINUE 
6& CONTINUE 
S T O P 
END 
c 
c FUNCTION " C " 
c 
FUNCTION C ( < , I , J , S , V , H , D ) 
DIMENSION S ( l u ) ,H ( I D ) ,V ( I D , C ( l C , 5 ) 
CONT=G 
H T = t 
OT = 0 
I R = I + i 
D O 1 0 i I 2 = I R , J 
H T = H 7 + H ( K ) » C C N T * D ( K , 1 2 ) 
D T = D T + D ( K , 1 2 ) 
12 0 CONT=CONT+l 
C = S ( < ) + V ( K ) * O T + HT 
RETURN 
END 
T H E S I S 1 9 
C 
PROGRAM T H E l 9 ( I N ^ U T , C U T P U T , T A P f 5 = 1 N P U T , T A = E 6 = 0 U T P U T ) 
c T H I S PROGRAM O B T A I N S LOT S I Z E S FOR THE CASE OF ACYCLIC S T R U C T U R E , 
c SINGLE I T E M , TIME VARYING CcMANC, F I N I T E H O R I Z O N , THE METHODOLOGY 
c USED I N THE ALGORITHM I S AN HEUf- i S T I C ARPRJACH SUGGESTED BY R l C AF DO 
c R , L O P E Z . 
c 
c INPUT VARIABLES 
c N = NUMBER Of STAGES 
c 
L = STAGT S A T U VL L - 2 
c 
M - HO^lZOti TIME c S = SET U
D COST 
c H = INVENTORY C R Y I N G COST 
c D = DEMAND 
c A - R E L A T I O N S H I P MA T F I X 
c OUTPUTS 
c TOTAL COST 
c QUANTITY ORDERS FCR S T A G E S AT ALL P E R I O D S 
c 
DIMENSION 5 ( 1 L ) » H ( i : ) , D ( H , 5 ) , A ( 7 , 7 ) , M A 3 A ( 3 2 , 5 ) , V c 3 A ( 5 ) 
DIMENSION MAHAl ( 3 2 , E ) , M A B A 2 ( 3 2 . ? ) , 0 ° ( 5 ) . V P (E ) , V O = ( 5 ) 
DIMENSION C T I N C C ) , VOC = ( i r , 5 ) , V O ^ K K - , 5 ) . Q ( l C , 1 ) 
INTEGER A 
READ ( 5 , 1 ) N , u »f-' 
1 FORMAT ( 1 2 , 1 2 , 1 2 ) 
READ ( 5 , 2 ) ( S ( I I . H ( J ) . I = l , ' i ) 
2 F O R M A T ( F 9 . 2 - F 6 . 3 ) 
L L = L + 1 
DO *+ I = t _ L , N 
R E A D ( 5 , 3 ) ( 0 ( 1 , J ) , J = 1 , M ) 
3 F O R M A T ( F 7 . 0 ) 
4 C O N T I N U E 
DO s : = I , L 
R E A O ( 5 , 6 ) ( A ( I , J ) , J = L L , N ) 
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6 F O R M A T ( 5 ( 1 1 ) ) 
5 CONTINUE 
0 0 7 " ~ : = i , L 
DO 9 K = l , M 
D ( 1 ,K) =•• 
DjO 9 J = L L , N 
9 D ( I » K)' = D ( I » < ) +D ( J , K ) * A ( I , J ) 
_8 CjON TINUE 
7 "CONTINUE 
0 0 1-J J = 2 »M 
L I C 0 2 = 1 
LI__0_3_=1 
L I D O J = 2 + * ( J - 2 ) 
L I D C M = 2 » » ( M - 1 ) _____ 
DC 1 1 I = 1 , L I 0 G M 
I F ( L I C 0 2 » G T . L I O O J ) G O TO 1 2 
1 4 M A B A ( 1 , J ) = 1 
L I C 0 2 = L I C C 2 + 1 
GO TO 1 1 
1 2 I F ( _ I C 0 3 , G T . L l D O J ) G O TO 12 
MABA ( I • jT = D 
L I C 0 ? = L I C C 3 + 1 
GO TO 1 1 
1 3 L l C 0 2 = l 
L I C 0 3 = 1 
GO TO Ik 
1 1 CONTINUE 
1 5 CONTINU? 
DO 1 5 I = 1 , L I D C M 
1 5 MABA C t l ) = 1 
C A M = 1 
I_=l 
5 3 CONTINUE 
DO 1 6 J = 1 » M 
1 5 V E B A ( J ) = M A B A ( I t J ) 
CLA=Q 
C01=U 
DO 1 7 J = 2 . M 
I F ( V E 3 A ( J ) . N E . 1 ) G 0 TJ 1 7 
C Q 1 = C C 1 + 1 
1 7 CONTINUE 
L 0 0 C 0 1 =_c * » C 0 1 _____ 
DO 1 8 " j = l , M 
1 F ( J . NJE. 1_GO TO __§___ 
DC 67 9 K=l t LOO CO". 
8 7 9 M A 3 A l ( < t J ) = l 
8 7 8 CONTINUE 
I F [\JC G A ( J J . E Q . 1 ) G 0 _T_C_ j _ 9 
DO 2 1 . K = i t L O O C O l 
2 _ !l__A_UKt_jJ) =__ 
GO TO I S 
1 9 L I C 0 2 = 1 
L I C J 3 = 1 
LD3_CL __=__* ____A • 
0 0 2 1 K = 1 t - 0 0 C 0 1 ~' 
I F ( L IC 0 2 ,_G T __L 0_0C L A) GO TO Z 2 
Zk MAE A l ( K t J ) = l " 
L l C 0 2 = L I C C 2 » l 
GO TO 2 1 
2 2 1 F ( L I C 0 7 . G T . L C O C L A ) G O TC 2 3 
M A 6 A l T < , J ) = ? ' 
L l C 0 5 = L l C 0 3 - r l 
: " GO T O " 2 1 
2 3 L I C 0 2 = 1 
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L I C 0 3 = 1 
GO TO 2 4 
2 1 CONTINUE 
CLA = CI_A + 1 
1 8 CONTINUE 
CO = 0 
0 0 2 5 J = l , r i 
I F ( V £ d A ( J ) . N E . C > G O TO 2 5 
C O = C O + i 
2 5 CONTINUE 
L I 0 0 C C = 2 * + C 0 
C L_A = C 
0"0 2 6 J = i , M 
I F ( V £ b A ( J ) , M E . l ) G O T O 2 7 
0 0 2 8 K = 1 , L I D 0 C 0 
2 8 M A B A 2 ( K « J ) = 1 
G C TO 2 6 
2 7 L I C 0 2 = 1 
L I C 0 3 = 1 
L 0 C C L A = 2 » * C L A 
DO 2 9 K = 1 . L I D G C 0 
I F ( L I C 0 2 , G T . L D O C L A ) G O T O 3D 
3 2 M A B A 2 ( < , J ) = 1 
L I C 0 2 = L I C C 2 + 1 
G O T O 2 9 
30 I F C L I C O I . G T . L C O C L A ) G O T C 3 1 
M A B A 2 ( K . J ) = : " 
L l C 0 3 = L I C C 3 + i 
G O 7 0 2 9 
3 1 L I C 0 2 = 1 
L I C 0 3 = 1 
GO TO 3 2 
2 9 CONTINUE 
C L A = CLA + l 
2 5 CONTINUE" 
< - l 
3 9 I N T = 1 
0 0 3 3 J = 1 , L D C C 0 1 
DO 3 4 J K = 1 , M 
D F ( J K ) = D ( K » J O 
3 4 V ° ( J K ) = ^ A p A i ( J , J K ) 
CT = C 0 b T O ( M t 5 ( K ) « H ( K ) , D ^ , V g ) 
I F ( I N T • E Q « 1 ) G O TC 3 5 
I F ( C T M I N . G £ _ _ C T ) G C T C 3 6 
G O TO 3 3 
3 5 I N T = u 
3 6 C T MIN = C T 
DO 3 7 J K = 1 , H 
3 7 V O P ( JK" ) = V F ' ( J K ) 
3_3 CpN7I.NU_E_ 
C f l . ' H K ) =CTMIN 
DC 3 8 J K = 1 , M 
3 3 V O C 0 ( < t J K ) = VO 3 ( J O 
K=_K + 1 
I ' F T K . L E . D G O 7 0 3 9 
4 6 I_NTf_l 
00"~4J J = 1 , L I D L C 0 
0 0 4 1 J K = 1 , M 
D P ( J K ) = G ( K « J K ) 
4 1 VP ( J K ) =MAEA2 ( J « J K ) 
CT = C 0 5 TO(M • 3 ( K ) « H ( K ) . 0 ° , V P ) I FJINT • t Q • 1) GC TC 42 
I F ( C T N I N « G E • C T ) G O T C 4 3 
G O T O 4 " 
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4 2 I N T = 0 
4 3 C T M I N = C T 
4 4 
OO 4 4 J K = 1 , M 
VOP ( J O = V P ( J O 
40 C O N T I N U E 
C T I N < K ) = C T M I N 
4 5 
0 0 4 5 J K = 1 , M 
V O 0 P ( K , J K ) = V O P ( J K ) 
K = K + 1 
I F ( K . L E . N ) G O TO 4 6 
T O T =G 
DO 4 7 K = 1 , N 
4 7 TOT = T O T + C T I H O 
I F ( C A M . E Q . l ) GO TO 4 6 . 
I F ( T O ; 1 I « G E « T O T ) GC TO ±-g 
GO TO sr 
4 3 CAM = C 
4 9 TOHI=TOT 
DO 5 1 K = 1 , N 
DO 5 2 J K = 1 , M _ _ 
VOPI ( K , J K ) = VDC<P(K, J O 
5 2 CONTINUE 
5 1 CONTINUE 
5 1 1 = 1 + 1 
IF(I»L£»t_IDOM) GO TO 5 3 
K = l ^ 
5 8 1 = 1 
5 7 fl(K,I)=D(K,I) 
1 1 = 1 
5 6 1 1 = 1 1 + 1 
I F C I . 6 T , N) GO TC 5 4 
I F (VO = I ( K t l l ) . E Q . i ) GO TC 5 5 . 
Q ( K , I ) = Q { K , I ) + 0 ( K , I I ) 
GC TO 5 6 
5 5 1 = 1 1 
GO TO 5 7 
5 4 K = K + 1 
I F < K . L E « N ) G O ro 5 3 ; 
W R I T E ( o , 5 9 ) T O N I 
5 9 FORMAT ( 1 H j , 1 5 X , " T H E TCTAL COST I S = " , - 1 3 . 3 ) 
DO 60 1 = 1 , N 
DO 6 1 J : l i M _ 
W R I I E ( 6 , 6 2 ) I , J , Q ( I , J ) 
6 2 FORMAT ( i H f , l 5 x , '^S TAGE_ % ^ _ 2 , 5 X , " T I M E " ™ j 13_*J__X_*_'" QU A NT_I T_Y_ 0> D - R 
- 1 0 . 0 ) 
6 1 CONTINUE 
6C CONTINUE sjro_p , 
END ~ • 
C F U N C T I O N - " " C O S T O " " 
c 
FUNCTION C O S T O ( M , S , H . D . Vi C) 
O I M E N S I O N 0 ( 5 ) . V E C ( 5 ) 
S T = 0 
H T = C 
C L A = 1 
1 = 1 
1 1 = 1 
S T = 3 T + S 
i i i 2 1 1 = 1 1 + 1 
I F_( I I . G T . M) G U _T 0 ICC 
IF(YEC(Il").Ea'.l)GO TO if. l" 
H T = H T + D ( I I ) * H * C L A 
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C L A = C L A + 1 
GO TO 1 C 2 
1 C 1 C L A = 1 
_ T - 3 T -*• S 
1 = 11 
GO TO 10 2 __ 
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